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Chronic High Density Longitudinal Intrafascicular Electrode Arrays for Peripheral Nerves
John Burns, member technical staff1; Julianne Grainger, MSBE1; John Lachapelle, MSEE1; Edward Keefer, PhD2; Jonathan Cheng, MD FACS3
1 Draper Laboratory
2 Nerves Incorporated
3 University of Texas Southwestern

Introduction

Electrode arrays for recording and stimulation in the peripheral nervous system have enabled numerous advances in basic science and
therapies. Here, we present a multichannel LIFE electrode array suitable for penetration of peripheral nerves having diameters < 1 mm, and
demonstrate performance in vivo. We fabricated seventeen-channel arrays and obtained neural recordings, as well as targeted stimulation
when penetrating rat sciatic nerves. We also evaluated the device by electrochemical impedance spectroscopy. We report on histology results that resulted in design and manufacturing modifications for reduced tissue irritation, toward a target of human peripheral nerves.

Methods

Draper’s goal in collaboration with Nerves Inc. was to realize an implantable micro-system for peripheral nerve stimulation/ recording as
part of the DARPA HAPTIX program. A LIFE electrode allows direct targeting of nerve fascicles. The selection of a suitable electrode for
neuro-prosthetic applications implies a trade-off between invasiveness and selectivity. A hybrid manufacturing sequence was created that
allowed trials of many flexible geometries, starting with a silicone sheet over a processing substrate. A medical-grade mesh was embedded to strengthen the material in the x-y direction, platinum-iridium foil was placed as a conductor, and a silicone sheet was placed as a
cover over all. Finally, holes were laser-etched to create the actual electrode site areas. Details and iterations are discussed in the final paper. The surgeon’s approach to electrode insertion was to thread it through the nerve using an attached needle. Iterations of needle size,
sharpness, and attach method were pursued prior to finding a viable approach.

Results

Final versions of the electrodes were tested ex-vitro achieving less than 100 kOhms impedance per channel with greater than 1 Mohm
channel to channel isolation in saline. Animal-implanted electrodes have survived and allowed spatially separated recording and targeted
stimulation in rats for < 6 months. Histology showed fascicle internal irritation (from staining) which was a concern due to further separation of the wanted neurons by macrophages. These experiments resulted in design iterations to refine the electrodes and needles, as well
as adding further cleaning.

Conclusion

It is possible to create LIFE electrodes which create a greater number of spatially separated electrode sites inside the nerve fascicle, resulting in both the intrafascicular sensitivity with greater selectivity of neurons in the fascicle. Conversely, getting the materials and
processes correct, reproducible, and acceptable chronically to create a robust electrode has many complications, of which some are
reviewed.
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Peripheral Nerve Interfaces

Closed-Loop Control of a Virtual Prosthetic Hand by a Human Subject After Prior Amputation
David Kluger, BS1; David Page, BS; Suzanne Wendelken, MS; Tyler Davis, MD PhD; Douglas Hutchinson, MD; David Warren, PhD; Gregory Clark
PhD
1 University of Utah

Introduction

The limited availability and high cost of commercially available high-degree-of-freedom prosthetic hands, as well as their general lack of
sensors, hinder neuromuscular interface research for prosthetic hand control. Use of a virtual prosthetic hand (VPH) within a virtual reality
environment (VRE) helps overcome these barriers. A VPH can simulate a physical prosthesis’s architecture and movements, and can interact with and provide sensory feedback from virtual objects. The “sandbox” nature of VREs offers a vast test bed for developing motorcontrol and stimulation algorithms for neuromuscular-interface-mediated bidirectional control of prosthetic hands.

Methods

We recorded from two 96-channel Utah Slanted Electrode Arrays (USEA; Blackrock Microsystems) implanted in residual arm nerves
and from an intramuscular 32-channel EMG assembly (Ripple, LLC) in the amputated left arm of a human subject. Decoded EMG and
neural recordings controlled the VPH’s joints. USEA stimulation of sensory nerve fibers produced force-graded, receptive-field-specific
sensations.
The subject performed functionality assessment tasks in MuJoCo (Roboti LLC), a VRE that allowed the user to control a VPH in real time,
and relayed joint dynamics and contact forces back to the user. Motion tracking of the user’s residual wrist enabled movement of the entire VPH throughout virtual space.

Results

Our subject successfully performed literature-validated Action-Research Arm Test (ARAT) functionality assessment tasks modeled in MuJoCo. The subject also completed two custom-made functional assessment tasks: 1) removed a latch from a door, grabbed a handle, and
opened the door, and 2) grabbed and rotated a door handle, and pulled the door open in a fluid set of movements.
The subject was able to correctly identify whether a large, small, or no cylinder was placed in the VPH 26/38 times (p<0.001, binomial
test). The subject had control of the VPH’s digits while graded proprioception and contact stimuli were provided via neural stimulation in
real time. The subject had no visual, audio, or other somatosensory cues during the task.

Conclusion

The subject’s performance of virtual functionality assessment tasks shows that a VRE can be used to replicate literature-validated functionality tasks, and that novel ones can be fabricated. Results from the custom-built size-discrimination task demonstrate that a VRE can
be used to provide quantification meaningful for the development of closed-loop neuromuscular interface stimulation and recording algorithms. Further, these tests were completed in a virtual space without an expensive commercially-available physical prosthesis, whose
lack of sensory output would make some of these tests impossible to perform.
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Peripheral Nerve Interfaces
Demonstration of NCA/MCMB Chemistry and 3mAh Microcell for Implantable Medical Device Applications Involving Neurostimulation
Som Mohanty
Quallion LLC

Introduction

Quallion proprietary rechargeable battery chemistry has demonstrated desirable performance at 37 C for implantable medical device applications, especially for usage in neurostimulation. The chemistry includes a lithium nickel cobalt aluminum oxide (NCA) cathode and
a graphitic (MCMB) anode that is capable of high cycle life, low self-discharge, and full functionality after storage at 0V (complete discharge). These capabilities are useful in situations where a battery undergoes top-off cycling, due to the patient recharging the device daily without allowing the battery to deeply discharge. Additionally, this chemistry allows the device to stay fully charged for long periods of
time, without adverse effects. The opposite situation is where a patient forgets to charge the device, resulting in the battery fully discharging, and potentially overdischarging. Overdischarge can damage internal components, and reduce performance. However, this chemistry enables the battery to achieve full functionality once the device is charged again. Such performance was demonstrated by a 3mAh implantable medical microcell (battery).

Methods

The capability of chemistry/microcell was demonstrated through various electrical testing protocols. These protocols included full cycling
at 100% DOD, top-off (shallow) cycling, and storage at 100% SOC. Additionally, storage testing was performed at 0V for extended periods
of time. Capacity fade was evaluated with these various electrical tests. Also, a neurostimulation profile was used to assess chemistry/
microcell behavior.

Results

The chemistry/microcell exhibited low capacity fade and minimal capacity loss after 0V and 100% SOC storage. Desirable cycle life was
demonstrated at 37 C, both with full cycling, and top-off cycling. The chemistry achieved low self-discharge, even at end of life (EOL), although capacity had reduced substantially, as expected.

Conclusion

This work has demonstrated that the chemistry and associated microcell are ideal for implantable medical device applications, and suitable for neurostimulation. Performance is still acceptable even at end of life. While the neurostimulation profile tested is device and application specific, this shows the potential of this chemistry and microcell for neuromodulation devices.
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Materials and Devices
A Platform Development Strategy for Implantable Neurostimulator Devices
Andrew Kelly
Cactus Semiconductor

Introduction

As researchers identify new therapies for neuromodulation, the industry faces a challenge for commercialization. Before a commercialization effort can begin, a proof of concept (POC) device is required to establish the safety and efficacy of a device and therapy. Ideally, a POC
device must be implantable and must produce the same therapy in the same form-factor as the commercial device. A substantial custom
hardware development is often required to create the POC. As such, device developers require investment to support the POC development, while investors require a good POC before committing to the funding.

Methods

A platform development strategy can result in an implantable device to deliver the required therapy in a similar form-factor with a reduced
cost and schedule compared to a full-custom approach. This presentation introduces platform technologies that combine semicustom
mechanical hardware from CIRTEC Medical Systems with an electrical hardware platform based on a Cactus Semiconductor ASIC.

Results

The presentation concludes with a summary of a neurostimulation device development based on the platform strategy.

Conclusion

A platform development strategy is an effective method for addressing commercialization challenges for new neuromodulation devices
and therapies, resulting in lower development costs, shorter schedules, and reduced risks.
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Materials and Devices
Noninvasive Treatment of Postoperative Cauda Equina Syndrome Pelvic Pain and Urinary Incontinence: A Case Series
Yuriy Ivanov; Anna Lasak, MD; Roshni Durgam MD
Montefiore Medical Center

Introduction

Cauda equina syndrome is a severe neurological disorder that arises due to compression of the nerve roots in the lumbar spinal cord. Red
flag symptoms that require urgent surgery include severe back pain radiating down the lower extremities, weakness, saddle anesthesia,
and bowel/bladder incontinence. Surgical intervention is recommended and is time sensitive, otherwise complications such as lower extremity paralysis and permanent bowel/bladder incontinence may ensue. Even after surgical decompression, many patients continue to
have symptoms related to bladder dysfunction.

Methods

Neuromodulation is being used to help regulate control of the bladder and pelvic floor muscles. There are various devices available; however, studies that compare its effectiveness versus simple muscle strengthening techniques are only starting to arise. Here we report on
two cases: a male and a female, who were independently diagnosed with cauda equina syndrome and underwent surgical decompression. Although weakness of the lower extremities significantly improved, urinary incontinence and pelvic pain remained an issue. They
were treated with a supervised program of pelvic floor muscle training and neuromuscular electrical stimulation (sensor placed rectally for
the male and vaginally for the female).

Results

Both patients reported considerable improvement of their symptoms at 3 month follow-up, as measured by the numeric pain scale and
muscle EMG strength. The postulated mechanism of action is unclear, but appears to involve stimulation of afferent pathways to the
sacral spinal cord and via an effect on the pelvic floor muscles via stimulation of the pudendal nerve.

Conclusion

Pelvic floor neuromuscular electrical stimulation can be a useful, safe, and cost-effective treatment option to help improve restoration of
function of the pelvic floor, while also alleviating symptoms of pain. The role of neuromodulation in treating residual, postoperative urogenital dysfunction in patients with cauda equina syndrome warrants further investigation with quality controlled studies.
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Clinical Neuromodulation
Motor Decoding and Sensory Stimulation for Upper-limb Prostheses Using Implanted Neural and
Muscular Electrode Arrays
Suzanne Wendelken; David Page, BS; David Kluger, BS; Tyler Davis, MD PhD; David Warren, PhD; Christopher Duncan, MD; Douglas Hutchinson, MD; Gregory Clark, PhD
University of Utah

Introduction

We are developing a bidirectional neuromuscular interface for a next-generation prosthetic hand intended to be sensorized for haptic feedback and motorized for dexterous movements. Here we present results from an ongoing study in which a human, transradial amputee
was able to simultaneously and independently control 8 degrees of freedom (DOF) of a virtual prosthetic hand (VPH), and perceive up to
110 distinct, naturalistic sensations by means of neural and intramuscular implants. The ultimate goal is to combine the motor decode
with simultaneous haptic feedback via neural stimulation, allowing the user closed-loop control of a prosthetic hand (Kluger et al., NIC
2016).

Methods

In this IRB-approved study, a flexible 32-channel intramuscular EMG (iEMG, Ripple LLC) was implanted into residual forearm muscles, and
two, 100-electrode Utah Slanted Electrode Arrays (USEAs, Blackrock Microsystems), were implanted in the residual ulnar and median arm
nerves of a human transradial amputee for 12 weeks. Omnibus trials, where the subject performed all multiple finger motions and grips,
were performed periodically for analyzing neural units recorded from the arrays. Neural and iEMG signals were used to estimate the position of the VPH. Decode experiments involved a calibration phase and subsequent testing phase, in which the subject attempted to control the VPH to touch or follow targets in virtual space. Three calibration sets were tested over time to assess stability. Microstimulation
experiments involved mapping the percepts for each electrode. These maps were ultimately used to provide force-graded stimulation in a
virtual environment.

Results

Neural units were detected during omnibus trials for up to 76 days in the ulnar array and up to 38 days in the median array. Using neuromuscular signals, the subject successfully completed an 8 DOF target-touching task (29/30 successful trials on day 66). Combined neural/EMG, neural-only, and EMG-only decodes were compared online (day 38). The subject performed similarly using neural/EMG, and
EMG-only decodes (the subject independently controlled 7 DOF for both decode types) but was able to independently control only 5 DOF
with the neural-only decode. Calibration sets were stable (maintaining > 90% functionality) for 4–9 days. In microstimulation experiments,
the subject reported 110 localized proprioceptive and cutaneous percepts spanning the fingers, palm, and posterior of the hand, and representing activation of multiple afferent types.

Conclusion

iEMGs and USEAs provide a potential implantable interface that could provide motor signals for decoding sophisticated hand movements
and sensorimotor feedback through neural stimulation for a next-generation prosthetic hand.
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Peripheral Nerve Interfaces
Harnessing Normal Tissue Response to Create a Stable Neural Interface
Amitabha Lahiri1; Ignacio Delgado-Martinez, MD; Ng Kian Ann, PhD1; Shih-Cheng Yen, PhD; Nitish Thakor, director2
1 National University of Singapore
2 Singapore Institute of Neurotechnology, provost chair professor

Introduction

There are a number of challenging issues in creating long-term neural interfaces. The implanted electrodes are prone to farcture or displacement due to the lack of a stable mechanical interface between the nerve tissue and the material. In other words, a stable mechanical
interface is an equally important consideration along with the elecrophisiologic interface in electrode design.
Moreover, current electrodes are designed to receive signals from the nerve trunk, which may be impractical in high amputations with
short nerve stumps.
Our aim was to study the feasibility of a stable interface with the cut end of the nerve, using the normal tissue response around the nerve.

Methods

Experiments were conducted on adult female SD rats weighing 250 to 300 grams. In the first phase we observed the biologic response of
the cut end on the sciatic nerve isolated within a silicone construct and studied its electrophysiological characteristics in-vivo at the end of
10 weeks.
In the second phase, we implanted a similar construct incorporating a tungsten microwire array (MWA). We delivered the implant at 10
weeks. We observed organisation of new tissue around the MWA. We performed electrophysiological studies across the MWA and immunohistochemical characterisation of the newly formed tissue for vimentin and neurofilament proteins.

Results

We were able to record consistent action potentials across an interface formed between the cut end of the nerve and the MWA, and determine the electrophysiological characteristics of the interface in terms of velocity and amplitude (Figures 1, 2, and 3). Histology showed the
formation of a unique laminar composite of axons and fibrocollagenous tissue.

Conclusion

We were able to create a novel interface with the cut end of a peripheral nerve by combining the normal biologic processes of axonal regeneration and fibrocollagenous tissue formation around the tungsten microwires.
We also report the formation of a unique composite tissue comprising of a layered arrangement of functioning axons sandwiched between layers of fibrocollagenous tissue which formed a stable mechanical interface with the electrode.
This is the first demonstration of a functioning neural interface to the end of a peripheral nerve and represents a novel category of interfaces. This has a potential application in the development of chronically implantable electrodes for voluntary control of prostheses.

20 | A Joint Meeting of NANS & NIC | June 25–29, 2016

Mean CAP observed across
the interface
In 4 rat subjects

21 | A Joint Meeting of NANS & NIC | June 25–29, 2016

Peripheral Nerve Interfaces
Six-Year Follow-up on Implanted Neuroprostheses for Upright Mobility after Paralysis
Ronald Triolo, PhD; Stephanie Bailey; Michael Miller, MS; Kevin Foglyano, BSE; Lisa Lombardo, MPT; Rudi Kobetic, MS
Louis Stokes Cleveland VA Medical Center

Introduction

Neuroprostheses (NPs) for standing after spinal cord injury (SCI) have been an actively researched for decades, and numerous systems
employing surface or implanted stimulation have been reported [1,2]. In spite of their profound potential to impact health and daily function after SCI, the long-term (LT) effects of lower-extremity (LE) NPs have yet to be fully quantified. This study reports what is potentially
the largest cohort and longest follow-up interval of implanted LE NPs, encompassing both our first-generation 8-channel systems employing epimysial electrodes [3-5] and our second-generation 16-channel systems including intramuscular and nerve cuff electrodes [6-10].

Methods

Twenty-three recipients of an implanted NP for exercise and standing (19 subjects)[11-15], walking (3 subjects)[16-18], or seated stability
(1 subject)[19] participated. The group was 14.4 ± 6.9yrs postinjury and 6.1 ± 2.7yrs postdischarge to home use with the system at the LT
evaluations.
The lowest stimulus intensity, or threshold, that elicited a twitch response was recorded for all electrodes. To calculate the percentage of
components that survived, the number of implanted pulse generators (IPG) and electrodes that were operational at discharge to homeuse and then still operational at the most recent follow-up visit were tabulated.
Stimulated knee extension moment was measured for 16 subjects during sitting, with the NP extending the knees from ~90° of flexion to
full extension. Thirteen subjects stood for as long as they could with the NP contracting the knee, hip, and trunk extensors, using the upper
extremities only as needed for balance.

Results

The majority of electrodes were stable with 81.4%, 18.1%, and 0.5% exhibiting low, moderate, and high changes in threshold, respectively.
At least 81% of devices survived 7.8 ± 3.4yrs of unsupervised home and community use. Furthermore, the probability of device survival 6
years after discharge was 88.0% for the first-generation 8-channel IPG, 89.8% for epimysial electrodes, and 98.7% for intramuscular electrodes. No failures occurred during the study interval for the second-generation 16-channel IPG or nerve cuff electrodes.
Knee extension strength was 0.54 ± 0.31Nm/kg for the 16 subjects (32 legs). The average maximum standing time was 10.80 ± 17.55min
for 13 subjects; 9 subjects (69%) stood 1-5 min while 4 subjects (31%) stood 10-60 min.

Conclusion

Stimulus thresholds were uniformly stable, and 6-year survival rates for the first-generation IPG and epimysial electrodes approached 90%,
while those for the second-generation IPG, intramuscular, and nerve cuff electrodes were > 98%. Stimulated knee extension strength and
functional standing capabilities were maintained after an average of 6 years home use with the system.
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Neural Prosthesis
Center of Pressure Feedback Control of Task-Dependent Postures with an Implanted Standing
Neuroprosthesis
Brooke Odle1,2; Alexander Hunt, PhD2; Lisa Lombardo, MPT3; Musa Audu, PhD2; Ronald Triolo, PhD2
1 Diversity Travel Award winner
2 Case Western Reserve University
3 VA Advanced Platform Technology Center

Introduction

Standing neuroprostheses utilizing neuromuscular stimulation enable individuals with spinal cord injury (SCI) to assume an erect posture.
To maintain this position, devices deliver constant stimulation to the hip, knee, and ankle muscles. In order to assume task-dependent
postures, users must exert upper extremity (UE) forces on a support device and work against their continuously contracting muscles. As
an alternative, we developed a novel proportional-derivative controller that tracked whole-body center of pressure (CoP) location and automatically modulated muscle stimulation as a function of CoP location. The controller was developed to run in the MATLAB®/SIMULINK®
R2009b and xPC Target™ toolbox. We hypothesized standing performance with a CoP location tracking controller would exceed open-loop
stimulation in terms of UE effort required to change postures.

Methods

One SCI subject with an implanted neural stimulator participated in pilot tests of the controller. Body-mounted retro-reflective markers captured segmental kinematics as the subject stood in an instrumented walker with each foot on a force platform. CoP in the anterior-posterior (AP) and medio-lateral (ML) directions and UE forces on the walker were captured as he voluntarily assumed different leaning
postures. Target and actual CoP locations were displayed in real time as the subject adjusted from the erect position to targets located
forward, right, left, and diagonally. Kinematic data were collected at 100 Hz, kinetic data were sampled at 1000 Hz, and all real-time controller parameter were updated at 40 Hz. The controller continuously modulated stimulation to bilateral gluteus medius, gastrocnemius,
and adductor magnus in response to CoP location as the subject adjusted posture. Two cycles of a movement were completed for each
direction in each of four trials in random order. Stimulation gain on the controller ranged from 0 to 0.75, increasing by increments of 0.25
for each trial. Controller effort was the product of the gain and the change in CoP.

Results

The greatest reduction in bilateral mean UE force occurred when controller gains changed from 0.5 to 0.75: 13.66% reduction for the forward, 11.69% reduction for the right, 21.44% reduction for the left, and 4.32% reduction for the left diagonal. There was a 16.89% increase
in UE force for the right diagonal, however.

Conclusion

Enhanced control systems will enable users to access spaces that are difficult to reach from a single posture. Future work entails collecting repeated trials with additional subjects to quantify stable standing workspace and CoP excursions with and without the controller.
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Neural Prosthesis
Chronic Implantation of PDMS-Based Optical Waveguides for Powering Wireless Microelectrode
Array
Ali Ersen1; Mesut Sahin, PhD2
1 Postdoctoral Research Associate
2 Professor Doctor

Introduction

Implantable microelectrode arrays (MEAs) have been widely used in neural recording and stimulation applications for many years. The demand for implanting larger number of electrodes into target tissues requires innovative approaches with less electronics on-site and elimination of wire interconnects. Our group has an alternative approach to power MEAs by designing flexible polydimethylsiloxane (PDMS)
optical waveguides that can collect the optical power transcutaneously and transmit it to the MEA, where the energy is converted to an
electric current. In this study, we report transmission of light intensity and optical stability of PDMS waveguides in a rodent model for semichronic implant durations.

Methods

The cylindrical waveguides were fabricated using two PDMS materials with different refractive indices to make core-cladding structure
with a total diameter of 1.2 mm and a length of 5 cm. A photodiode was attached to the proximal end while the distal end was reeved
through a hole centered on a thin plastic piece. The photodiode’s pins were soldered to an Omnetics connector to be able to make current
measurements with outside electronics.
Sprague Dawley (275-325g) rats were used in this study. Under anesthesia, an incision was made on the midline of the head and extended 5 cm caudally. The Omnetics connector was attached on the skull with dental acrylic. The waveguide was placed under the skin around
the shoulder-neck area while the distal end was positioned in an outward direction to receive light. The plastic piece holding the distal end
of the waveguide was sutured to the skin.
The current measurements was made under anesthesia using a laser beam that was aimed at the distal end of the waveguide (Thorlabs,
λ=635nm, coupled with a Ø200µm glass fiber). The photodiode output was measured using a current amplifier.

Results

The transmission results indicated that PDMS-based waveguides had a good confinement of red light and relatively high transmission.
The total transmissions were approximately 20%, which included the attenuation of the skin (~0.8mm thickness) and the waveguide
(1.75dB).

Conclusion

Our results demonstrated that light energy could be collected transcutaneously and transmitted to a deeper location inside the neural tissue with high efficiencies using PDMS-based waveguides. Considering the maximum allowed light exposures per unit area on the skin,
this efficiency implies that significant levels of optical power can be transmitted to MEAs without using wires that frequently break and
cause the implant to fail.
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Materials and Devices
A Biophysical Model to Predict Electrical Stimulation–Evoked Response in Cortical and Subcortical
Brain Regions
Ishita Basu1; Kara Farnes, BA1; Deborah Vallejo-Lopez, MSc; Britni Crocker, MS; Angelique Paulk, PhD1; Sydney Cash, MD PhD1; Mark Kramer,
PhD2; Alik Widge, MD PhD1
1 Massachucetts General Hospital
2 Boston University

Introduction

Deep brain stimulation (DBS) is a valuable tool for ameliorating drug resistant pathologies such as movement disorders, epilepsy, and pain
and has potential for managing psychiatric disorders. Open loop DBS works well for pathologies affecting a well localized brain region, but
is inadequate to treat pathologies such as complex neuropsychiatric disorders, which are characterized by network-wide alterations and a
higher variability across patients. In these cases, stimulating a fixed single target has yielded inconsistent results. Experimental opportunities with human subjects are too limited to fully understand the complex interactions that arise in the brain network due to stimulation,
which has limited the design of new stimulation approaches. Animal models are somewhat helpful, but may not sufficiently model the
complexity of human brain. To address this challenge, we developed a biophysically relevant mean field model that can be easily parameterized from a limited dataset to computationally explore the impact of stimulation parameters on a patient’s brain activity.

Methods

We used the Jansen-Rit model of single and coupled cortical columns to simulate the effect of electrical stimulation at different frequencies (10-160 Hz) on the local field potential. Each column was modeled as a population of pyramidal cells receiving inhibitory and excitatory feedback from local interneurons and excitatory input from neighboring or distant columns. An additive input to all the populations simulated electrical stimulation. We recorded stimulation-evoked potentials from human subjects undergoing monitoring for epilepsy surgery,
then determined a subset of the model parameters by optimizing the correlation between the actual and model response.

Results

We found that using a single column model, the simulated evoked responses could model low- (10-40 Hz), but not high-frequency (80-160
Hz) stimulation (correlation coefficient: 0.8-0.9, 0.5-0.7). Including a second coupled cortical column increased the correlation between the
simulated and recorded high frequency stimulation evoked responses, especially for subcortical regions (0.5-0.7 to 0.9).

Conclusion

We can use a relatively simple mean field model to predict the response to stimulation in human brain regions. This modeling framework
can potentially help overcome the inherent drawback in human brain stimulation studies posed by a narrow subset of stimulation parameters. By using the model to explore a wide range of stimulation settings, an optimal stimulation strategy for a given patient can be proposed and tested. This has applications in designing DBS-based neurophysiology experiments and in the creation of model-driven closedloop neuro-stimulation algorithms.
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Deep Brain Stimulation
Low-Cost, Compact Current Source for Chronic Stimulation of Rat Retin
Sahar Elyahoodayan1; James Weiland, professor
1 Diversity Travel Award winner

Introduction

Retinal prosthesis have provided basic visual perception to the blind by electrical stimulation of remaining ganglion cells in patients who
have lost photoreceptors. It is unclear if the visual system reorganizes in response to electrical stimulation. We propose the design of a
low-cost electrical stimulation module that can be used to study the effects of chronic electrical stimulation of the visual system of rats,
which are a well-used model in retinal research. The system described consists of battery/electronics module and a neuronal interface
module. The former module includes a rechargeable battery with a custom circuit for user configurability.

Methods

We have developed a configurable single channel current source circuit that provides charge balanced biphasic pulses in the range of
-100µA to 100µA at 1µA resolution. The system is designed to be mounted on a pedestal and is comprised of a printed circuit boardbased current source, batteries and ZIF connectors. The pedestal can be mounted on one hemisphere of rat’s skull since the contralateral visual cortex needs to remain accessible for evoked response recording. Thus, the system is designed to fit within an area of 10mm by
10mm by dividing the PCB into three flex boards and folding pieces onto each other.

Results

The output of the stimulator was tested across a fixed 20KΩ resistor mimicking retinal tissue impedance and demonstrated a pulse rise
time of within 10µs. The stimulator was also tested across a 200µm platinum electrode in saline at safe electrophysiological stimulus parameters and proved to be charge balanced over time without the need of a DC blocking capacitor. The PCB was designed in Altium Designer and the folded scheme was simulated to fit within a 10mm by 10mm area. The design of PCB and the pedestal packaging the PCB
is demonstrated in attached figures.

Conclusion

Rats play a critical role in research on neurological disorders including basic neuroscience studies and product development. Studying
electrical activity of rats using microelectrodes have provided researchers with a tool to learn about the brain. Here, we have developed a
single channel neuronal stimulator that is small enough to be carried by a rat. The device is capable of generating stimulating pulses with
currents up to ±100µA at 1µA resolution. The reported device provides a low-cost tool for studying reorganization of the visual system to
chronic electrical stimuli of retina and potentially enables a new method of improving retinal prosthesis efficacy.

Batteries

10mm

ZIF
Connectors

3D and 2D view of PCB design and pedestal packaging the PCB, batteries and ZIF connector to be mounted
on rat’s skull for retinal stimulation.
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A,B: Jansen’s model comprising 3 neuronal populations; C: Simulation of 4 models of stimulation; D: Simulations (in red) of
the effect of 400 ms of 20, 40 , 80 and 160 Hz stimulation train optimized to match recorded data (in blue).
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Visual Prosthesis
Peripheral Nerve Stimulator Implant for Postherpetic Trigeminal Neuralgia
Arpit Patel, DO1; Devang Padalia, MD2; Corey Reeves, MD1; Ankur Patel, MS23; Neal Shah, MD1
1 University of South Florida
2 Moffitt Cancer Center
3 Virginia College of Osteopathic Medicine

Introduction

We present an 84-year-old female with an atypical case of postherpetic trigeminal neuralgia in the V1 distribution which responded successfully to peripheral nerve stimulation. The patient tried and failed multiple oral medications, including both opioid and neuropathic
agents. Moreover, she did not receive long-lasting pain relief from local injections including supraorbital, supratrochlear, and auriculotemporal blocks and radiofrequency ablation. With limited published research, we postulated that the patient may benefit from neuromodulation as a modality to treat her chronic neuropathic facial pain as it was affecting her quality of life.

Methods

Case presentation of a patient we have been following at an academic nationally recognized cancer center in Tampa, FL.

Results

Pain was described as a constant stabbing pain in the V1 distribution on the left side of face. We achieved a successful peripheral nerve
stimulator trial with two leads, one covering the supraorbital and supratrochlear nerves and one lead covering the auriculotemporal nerve.
This case will also describe in detail an innovative technique for optimal peripheral lead placement with the creation of a sterile water
tract.

Conclusion

We postulated this sterile water tract technique would minimize the risk of disrupting the lead. She received over 75% pain relief and opted for peripheral nerve stimulator implantation. We applied the same sterile water tract technique for tunneling of the leads to the implantable programmable generator.
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Peripheral Nerve Interfaces
Quantification of Dorsal Column Fiber Responses in a Model of Kilohertz-Frequency Spinal Cord
Stimulation
Leonel Medina, MSc1,2; Nathan Crosby, PhD1; John Janik, PhD3; Warren Grill, PhD1
1 Duke University
2 Diversity Travel Award winner
3 Stryker Corporation

Introduction

Kilohertz-frequency spinal cord stimulation (KHF-SCS) was recently proposed as a paresthesia-free treatment for persons with chronic
pain that is potentially more effective than conventional (~50 Hz) SCS. In SCS, the applied electrical stimulation is intended to activate the
dorsal column (DC) axons. However, it is unclear how DC axons respond to kilohertz frequency signals. We developed a model of a DC fiber to quantify the responses of DC axons to the KHF-SCS signal.

Methods

We implemented a double-cable model of a DC fiber using published morphological data and ion channel dynamics. We also recorded the
strength-duration relationship and the recovery cycle of single DC axons in anesthetized rats for model validation. We coupled the axon
model to a patient-specific volume conductor model of SCS and applied the KHF-SCS signal to quantify thresholds for activation and conduction block for different fiber diameters at different locations in the DCs. For cases exhibiting persistent activation, we quantified the degree of synchronization of the firing activity to the stimulation signal using the vector strength and quantified the similarity between the
activities of pairs of fibers using the normalized spike time distance.

Results

Activation thresholds using the KHF-SCS signal increased sharply as the axons were placed deeper in the DCs. For the most superficial
axons (< 500 µm from the surface of the spinal cord), the activation thresholds for one patient averaged 57.2 ± 10.1 mA, 19.1 ± 6.1 mA
and 8.3 ± 3.2 mA for fiber diameters of 2, 6, and 10 µm, respectively. Conduction block thresholds in the same DC region averaged 164.8
± 20.4 mA, 61.2 ± 10.1 mA, and 34.7 ± 9.0 mA, for fiber diameters of 2, 6, and 10 µm, respectively. The vector strength over the 10–50 mA
amplitude range averaged 0.16 ± 0.09 and 0.11 ± 0.08 for 6 and 10 µm diameter fibers, respectively, indicating a low degree of synchronization to the KHFSCS signal. For any given signal amplitude, the spike time distance decreased as the axons were placed at closer distances, but it was always greater than 0.5.

Conclusion

Our model results showed thresholds for activation and block of DC axons well above the amplitudes used clinically (1–5 mA). If the KHFSCS signal activates large superficial axons, then the axons would fire asynchronously to the stimulation signal and to other axons.
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Neural Prosthesis
Evaluation of Focused Multipolar Stimulation for Cochlear Implants in Acute and Long-Term
Deafened Animals
Shefin George, ME; James Fallon, PhD; Mohit Shivdasani, PhD; Andrew Wise; Rob Shepherd1
Bionics Institute

Introduction

Speech intelligibility with existing multichannel cochlear implants (CIs) is thought to be limited by poor spatial selectivity and interactions
between CI channels caused by overlapping activation with monopolar (MP) stimulation. In this study we use multichannel recording techniques in the auditory midbrain of anesthetised animals to determine whether focused multipolar (FMP) and tripolar (TP) stimulation produce more restricted sites of neural activation compared to MP stimulation.

Methods

The spread of neural activity across the inferior colliculus (IC), measured by recording the spatial tuning curve, was used as a measure
of spatial selectivity. Acutely (n=6) and long-term deafened (n=8) adult cats were implanted with an intracochlear electrode array before
multi-unit responses were simultaneously recorded across the cochleotopic gradient of the contralateral IC. Recordings were made in response to electrical stimulation using each stimulation configuration (MP, TP, and FMP).

Results

FMP and TP stimulation resulted in greater spatial selectivity than MP stimulation in both acutely deafened (i.e., normal auditory nerve
survival [p<0.001] and in long-term deafened animal where neural survival was heavily compromised [p<0.001]). However, thresholds were
significantly higher (p<0.001) for FMP and TP stimulation compared to MP stimulation. The high threshold levels for FMP stimulation was
significantly reduced without compromising spatial selectivity by varying the degree of current focusing using “partial-FMP” stimulation.
Spatial selectivity of all stimulation modes was unaffected by the position of the electrode array within the cochlea. Finally, while spatial
selectivity in long-term deafened cochleae was significantly less than that of cochleae with normal SGN population, there were no differences found in spatial selectivity and threshold between FMP and TP stimulation.

Conclusion

These results suggest that current focusing has the potential to not only improve spectral resolution but to also increase the number of
temporally independent channels, providing finer spectral and temporal resolution resulting in improved speech understanding in noise.
FMP stimulation has the potential to provide benefit for other neural prostheses such as deep brain stimulation to treat movement disorders and spinal cord stimulation to manage chronic pain, where excitation of non-target neurones could cause adverse side effects. Techniques that effectively focus electrical stimulation will provide a benefit for these systems by ensuring a more precise and controlled form
of neural activation.
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Auditory Prosthesis
Composition of Tears Induced by Electrical Stimulation of the Anterior Ethmoid Nerve
Mark Brinton; Andrea Kossler, MD1; Zara Patel, MD1; Manfred Franke, PhD2; Jim Loudin, PhD1; Christopher Ta, MD1; Daniel Palanker, PhD1
1 Stanford University
2 Allergan

Introduction

Millions of people suffer from the irritating and painful symptoms of dry eye disease. Reduced secretion of fluid (lacrimal gland) or lipid (meibomian gland) decreases tear volume and increases tear osmolarity. This can damage corneal sensory nerves and exacerbate dry
eye disease. Electrical stimulation of the lacrimal gland activates efferent nerves to increase tear volume. Stimulation of afferent nerves,
like the anterior ethmoid in the nasal mucosa, may activate not only the lacrimal gland but additional tear pathways to secrete lipid, protein and mucin. This study assessed the tear volume, osmolarity, and lipid and protein content following nasal stimulation, and identified
electrical parameters maximizing the tear volume.

Methods

Wireless stimulators (Oculeve, Inc.) were implanted beneath the nasal mucosa in New Zealand white rabbits. The stimulators supplied
charge balanced pulses (2.3-2.8mA) at 30-90Hz, with 25%-100% duty cycles for 2 to 4 minutes. Tear volume, osmolarity, and protein and
lipid concentration were measured using Schirmer tests, a clinical osmometer (TearLab), a BCA assay (Thermo Fisher), and Oil-Red-O
staining of the Schirmer test strips, respectively.

Results

Stimulation of the nasal mucosa increased tearing by 12mm (140%) compared to baseline, using 2.3-2.8mA, 75-685μs pulses at 70Hz.
Tearing also increased in the fellow eye by 74% (6.8mm). At 50Hz and 90Hz stimulation, tear volume increased by 111% and 98%, respectively. Modulation with 50% duty cycle (3s on, 3s off) further improved tearing by another 3 mm (21%), compared with a continuous waveform. Nasal stimulation increased lipid secretion 1.6-fold compared to baseline. The protein concentration remained the same as in the
baseline tear film (11mg/ml). However, the total amount of protein increased twofold due to 111% increase in the stimulated tear volume
(2.3-2.8mA, 75-685μs pulses at 50Hz). Osmolarity also remained the same as the baseline, about 285mOsm/L.

Conclusion

A wireless stimulator placed beneath the nasal mucosa activates the anterior ethmoid nerve and dramatically increases tear volume. Ethmoid nerve stimulation also increases lipid secretion and may provide treatment for dry eye patients suffering from either lacrimal gland
or meibomian gland dysfunction. Tear fluid elicited by electrical stimulation maintains the same osmolarity and protein content as the natural tears. Future experiments will quantify the mucin release on the eye surface.
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Bioelectronic Medicine
Are Directional Deep Brain Stimulation Leads Safe? An Updated Assessment of Stimulation Safety
Ashley Kapron1; Daniel Merrill; Christopher Butson, PhD1
1 University of Utah

Introduction

Directional deep brain stimulation (DBS) leads are now being assessed for clinical usage. These novel lead designs may improve the ability to selectively stimulate target regions and avoid adjacent structures associated with side effects. With less surface area, directional
electrodes may experience higher charge density than traditional cylindrical electrodes, particularly at edges where charge density is concentrated. Since elevated charge density has been previously implicated in neural damage, there is concern that the local charge density
at neighboring edges may exceed safety standards, especially during bipolar stimulation of adjacent contacts. Therefore, the objective of
this study was to compare the local charge densities at the edges of traditional and directional DBS electrodes to safety limits described
in literature.

Methods

Computational finite element models were created in COMSOL 5.2 to predict and visualize charge densities on cylindrical (Medtronic
3389) and directional (directSTN Acute) contacts (electrode shaft 1e-6 S/m; electrode contacts 1e6 S/m). Electrodes were centered in a
cubic volume conductor representing the brain (edge length 0.1 m, 0.2 S/m) and were surrounded by a 0.5 mm thick encapsulation layer
(0.07 S/m). Charge density (D) associated with monopolar and bipolar stimulation over a range of charge per phase (Q) settings was calculated over the entire cathodic electrode contact as well as a 0.2 mm wide section at the edge closest to the adjacent anodic contact.
Monopolar and bipolar results were compared within/between electrodes and to safety limits proposed by Shannon (IEEE Trans Biomed
Eng, 1992): log(D) = k – log(Q).

Results

The overall charge density was 5.0 times greater in the directional contact compared to the cylindrical contact, but only 3.8 times greater
at the 0.2 mm edge section during bipolar stimulation. While charge density over the entire contact did not differ between monopolar and
bipolar settings, bipolar stimulation increased the charge density at the 0.2 mm edge section by 10% in the directional contact and 17% in
the cylindrical contact relative to monopolar stimulation (Figure 1).

Conclusion

Bipolar stimulation results in increased charge density at the edges of adjacent contacts. More importantly, the decreased surface area
of directional leads causes a substantial increase in both overall and edge charge density compared to traditional cylindrical leads. Therefore, a limited operating range of stimulation settings may be required to prevent neural damage when using directional leads. These computational results motivate the need for in-vivo studies confirming the safety of novel directional lead designs.
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Deep Brain Stimulation
Incorporating Initial Polarization for Accurate Modeling of Extracellular Neural Stimulation
Boshuo Wang, PhD1; Aman Aberra2; Warren Grill, PhD2; Angel Peterchev, PhD1
1 Duke University, School of Medicine
2 Duke University, School of Engineering

Introduction

Accurate modeling of neural activation provides mechanistic understanding of neural stimulation, and enables optimization of stimulus
parameters. The cable equation is commonly used to couple extracellular electric fields to neuronal models. However, its conventional
form does not account for some aspects of the membranes’ response, such as polarization of soma or axon fibers by transverse electric
fields. Detailed interactions between cellular membranes and extracellular electric fields are modeled by computationally expensive finite
element simulation of fine neural structures. The present study incorporates initial polarization into the cable equation to improve the accuracy of modeling neural activation without requiring detailed finite element modeling.

Methods

The initial polarization of axon segments and somas was derived analytically and incorporated into the cable equation. Test cases were
simulated for neuron models with either linear or nonlinear membrane dynamics to evaluate the influence of initial polarization. An axon
and point source electrode was modeled to estimate the changes in action potential thresholds under current pulse stimulation; and different membrane types were considered to examine the effect on depolarization rates.

Results

The axon and point source model shows that the initial polarization mechanism can reduce the stimulation firing threshold by 5%-50% for
typical axon radii, electrode distances, and pulse durations. Larger axon radii and shorter pulse durations resulted in larger reductions in
thresholds, while electrode distance had a nonmonotonic effect in which either small or large distances exhibited greater decreases than
mid-range distances. The depolarization rates of various membrane models showed that initial polarization had activation strength similar
to the spatial gradient of the applied field, and contributed significantly to activating the soma and axon initial segment.

Conclusion

Initial polarization can contribute significantly to neural activation. It is captured by proposed modified cable equation, which could yield
more accurate estimates of the site and threshold for neural activation with exogenous electric fields. Initial polarization reduced stimulation thresholds and could be an important activation mechanism in situations where the applied fields have low spatial gradients.
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Brain Computer/Machine Interface
Interactions of Prosthetic and Natural Vision in Animals With Local Retinal Degeneration
Henri Lorach1; Xin Lei; Ludwig Galambos, BS/MS Eng; Theodore (Ted) Kamins, PhD; Keith Mathieson; Roopa Dalal, MSc; James Harris, PhD;
Daniel Palanker, PhD
1 Stanford University

Introduction

Prosthetic restoration of partial sensory loss leads to interactions between artificial and natural inputs. Ideally, the rehabilitation should allow perceptual fusion of the two modalities. We studied the interactions between normal and prosthetic vision in a rodent model of local
retinal degeneration.

Methods

Implantation of a photovoltaic array in the subretinal space of normally sighted rats induced local degeneration of the photoreceptors
above the chip, and the inner retinal neurons in this area were electrically stimulated by the photovoltaic implant powered by near-infrared
(NIR) light. We studied visually evoked potentials (VEP) in response to simultaneous stimulation by NIR and visible light patterns.

Results

We demonstrate that prosthetic and natural VEPs summed linearly in the visual cortex, and both responses decreased under brighter
background light. Responses to visible light flashes increased over 3 orders of magnitude of contrast (flash/background), while for electrical stimulation the contrast range was limited to 1 order of magnitude. The maximum amplitude of the prosthetic VEP was 3 times lower
than the maximum response to a visible flash over an equal area on the retina.

Conclusion

Ambient light affects prosthetic responses, albeit much less than responses to visible stimuli. Prosthetic representation of contrast in the
visual scene can be encoded, to a limited extent, by the appropriately calibrated stimulus intensity, which also depends on the ambient
light conditions. Such calibration will be important for patients combining central prosthetic vision with natural peripheral sight, such as in
age-related macular degeneration.
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Visual Prosthesis
Predicted Effect of Electrode Position on the Amplitude of Recorded Neural Signals Using Cufflike
Technologies
Iian Black; James Abbas, PhD1; Ranu Jung, PhD2
1 Arizona State University
2 Florida International University

Introduction

Technologies developed for peripheral nerve recording, such as nerve cuff electrodes or microchannel electrode arrays, are typically designed using an inner recording electrode positioned at midchannel. While it has been suggested that shifting the recording position toward the channel exit would enhance the amplitude of recorded signals, a systematic examination of the effect is needed to determine if
it could be used to enhance electrode design, specifically for action potentials (AP) travelling unidirectionally. The purpose of this analysis was to explore the relationship between action potential waveform shape, channel length and electrode position to identify situations
where shifting the recording electrode from midchannel could increase the amplitude of recorded signals.

Methods

A mathematical model developed by Stein and Pearson (1971) for predicting the amplitude of recorded signals for psuedo-tripolar recording configurations was used. Numerical simulations were run on the 2nd difference term of the model to determine the maximum amplitude of signals one could expect to record using two different AP waveforms and a simplified triangularization of one of these. The first
set of simulations varied channel length with the electrode fixed at mid-channel. A second set of simulations, varied the position of the recording electrode from the channel entrance to the exit in increments of 1% of the AP wavelength. In all cases, AP waveforms were normalized to 100% of their peak amplitude and 100% of their wavelength. This enabled results to be readily compared between action potentials having different amplitudes and spatial extents.

Results

For channel lengths less than twice the spatial extent of the rising phase of the AP, an electrode positioned at midchannel is optimum.
For channel lengths greater than this, shifting the recording electrode towards the channel exit yielded the greatest signal amplitudes. In
the latter case, maximum signal amplitude was obtained using channel lengths equal to one AP wavelength compared to the midchannel
condition where channel lengths exceeded one AP wavelength in order for equivalent signal amplitudes to be reached.

Conclusion

This analysis suggests that the amplitude of recorded signals may be enhanced when the recording electrode is situated toward the
channel exit for certain channel lengths. Shifting the electrode position enables signal amplitudes to be maximized using shorter channel
lengths than are traditionally used with the electrode situated at midchannel. This would be useful in situations where anatomical factors
and nerve access constrain channel length.
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Peripheral Nerve Interfaces
Cerebral Vasculature and Heterogeneity Outside the Brain Impact Predictions in Models of Deep
Brain Stimulation
Bryan Howell; Cameron McIntyre, PhD
Case Western Reserve University

Introduction

Deep brain stimulation (DBS) is an adjunctive therapy that is highly effective in treating movement disorders and shows promise for treating psychiatric disorders. Computational models of DBS have begun to be utilized to understand and improve the therapy, but in these
models, vasculature and heterogeneity outside the brain are ignored. The objective of this study was to determine if cerebral vasculature
and heterogeneity in the soft tissues could be ignored in computational models of DBS.

Methods

We used magnetic resonance images and a detailed atlas of a human head with 116 structures to construct a model of subthalamic DBS.
We incrementally simplified the model, while preserving the load of the head, and used probabilistic tractography to define the trajectories
of descending corticofugal (DCF) axons. The impact of the simplifications was assessed by quantifying the resultant changes in the simulation thresholds of modeled DCF axons.

Results

Ignoring heterogeneity in the soft tissues had a greater effect on model predictions than ignoring the cerebral vasculature, and both of
these simplifications had an effect on the stimulation thresholds that was not negligible. Specifically, anatomical simplifications altered
the stimulation thresholds of DCF axons between −60% and 100% compared to the most anatomically detailed case, with the majority of
values falling approximately between −40% and 40%. Of particular note was the finding that matching the load of the conductor across
models did not guarantee accurate results. Therefore, the customary practice of matching the model and clinical loads cannot compensate for the lack of anatomical detail in the patient’s head model.

Conclusion

Predictions of neural activation in anatomically simplified models of DBS possess a degree of uncertainty that is not negligible, and future
theoretical studies should account for this uncertainty when correlating model predictions with clinical outcomes in DBS.
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Deep Brain Stimulation
Phasic Activation of the External Urethral Sphincter Increases Voiding Efficiency in Rat and Cat
Warren Grill, PhD; Christopher Langdale, MS
Duke University

Introduction

Electrical stimulation of the pudendal nerve (PN) is a potential therapy for bladder dysfunction, but voiding efficiency (VE) produced by PN
stimulation appears limited to 60%-70%. In rats and dogs, phasic bursting of the external urethral sphincter (EUS) occurs during voiding,
and elimination of phasic bursting by nerve transection or neuromuscular blockade significantly reduces VE. While the origin and function
of phasic bursting remains unknown, it is important for efficient voiding in rats and dogs. We conducted experiments in rats to verify the
role of phasic EUS bursting in efficient voiding, and to test the hypothesis that reintroduction of phasic EUS activity following motor nerve
transection could restore VE. In cats, which normally exhibit EUS relaxation during voiding, we conducted experiments to test the hypothesis that artificial EUS bursting would enhance VE in animals where bursting is normally absent.

Methods

Cystometry experiments were conducted in 17 urethane anesthetized female Sprague Dawley rats and 4 alpha-chloralose anesthetized
male cats. The effect of phasic electrical nerve stimulation on VE was quantified in intact conditions, following bilateral PN motor transection and following subsequent bilateral PN sensory transection. The distal PN motor stump was stimulated with a 6 Hz train of 40 Hz
bursts (3 action potentials per burst).

Results

Artificial phasic bursting in the EUS generated by electrical stimulation of the PN motor branch increased VE in both rats and cats. Subsequent transection of the PN sensory branch abolished the increased VE elicited by phasic stimulation in both rats and cats.

Conclusions

Artificial phasic EUS bursting restored VE in rats. Imposition of artificial phasic bursting in cats, which normally exhibits EUS relaxation
while voiding, was equally effective in promoting VE. In both species, phasic bursting increased VE via activation of pudendal sensory
pathways. These results provide further insight into the function of phasic EUS bursting and highlight a novel approach to increase VE
generated by pudendal motor nerve stimulation.
This work was supported by NIH grant R01 NS050514.
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Bioelectronic Medicine
Evaluating Sexual Arousal in a Female Rat Model With Pudendal and Tibial Nerve Stimulation
Lauren Zimmerman1,2; Indie Rice, BSE in progress1; Mitchell Berger, MD PhD3; Tim Bruns, PhD1
1 University of Michigan
2 Diversity Travel Award winner
3 University of Michigan Health System

Introduction

The aim of this research is to determine if peripheral nerve stimulation can have an effect on sexual arousal, using a female rat model.
Currently, there are limited treatments for women suffering from female sexual dysfunction (FSD), a condition that can include deficits in
desire, arousal, and lubrication. In clinical trials involving nerve stimulation for bladder voiding dysfunction (eg, sacral neuromodulation,
posterior tibial nerve stimulation), female patients sometimes note an additional effect of positive impact on sexual function. However,
there has only been a cursory investigation into the approach.

Methods

In ketamine-anesthetized female rats, we isolated and stimulated the pudendal nerve or tibial nerve on one side and used various stimulation protocols. The stimulation frequency was between 10-20 Hz and an amplitude that caused a small distal muscle response was used.
Stimulation was delivered for 1-2 minute periods with 1-10 minute breaks, or for 20-30 minute periods with 20-30 minute breaks, across
3-4 hours. Vaginal blood perfusion was measured with laser Doppler flowmetry as the primary proxy for arousal. Vaginal luminal diameter
was measured as a secondary indication.

Results

After 30-minute periods of stimulation on either of the pudendal or tibial nerves, large increases in blood perfusion with low frequency oscillations (0.1-0.6 Hz) were observed and maintained for several minutes. The oscillations are similar to those reported in clinical studies
of vaginal blood flow during sexual arousal. Large increases in vaginal luminal diameter were also observed, indicating that the modulations in blood perfusion may be due to arousal rather than pelvic floor contractions.

Conclusion

These preliminary results suggest that peripheral nerve stimulation may contribute to a therapeutic approach for a genital arousal component of FSD.
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Bioelectronic Medicine
Laser Pyrolyzed Carbon-based Electrodes for Neural Interfaces
Ana Oliveira1; Juan Ordonez, PhD; Danesh Ashouri Vajari, MSc; Max Eickenscheid, PhD; Thomas Stieglitz
1 IMTEK—University of Freiburg

Introduction

Major concern on the performance of the neural interface systems is attributed to the electrodes’ active sites serving as the direct interface with the biological environment. There is a constant search for new materials advancing the potential applications and also to overcome the existing limitations of the currently used materials, such as small charge injection capacity or degradation concerns. Recently,
carbon-based materials are being increasingly investigated as potential substitutes of the conventional metal electrodes. Glassy carbon
and q-carbon are two examples offering superior properties such as high biocompatibility and electrochemical performance.
In addition to the urge for advancing the new materials, the feasibility of the fabrication method with respect to process complexity and
costs is also of great importance. In this study, we propose a laser induced pyrolysis method to produce a carbon-based coating as the
active site of a polymer-metal-polymer electrode.

Methods

An infrared nanosecond pulsed laser (DPL Genesis Marker Nd:YAG laser) is used to structure a metal foil sandwiched between a PDMS
and a Parylene C layer. Using the same laser, the Parylene C layer is pyrolyzed to allow a local carbonization of the insulation on the region
of interest. The fabricated samples are characterized by means of electrical conductance, elemental composition analysis, electrochemical evaluation as well as voltage transient measurement.

Results

The preliminary results show that a 10 µm parylene-C insulation layer can be locally transformed to a graphitic carbon-based due to laser induced pyrolysis. This highly conductive electrode forms a steady contact to the underlying metal tracks. The novel electrode material
shows a more favourable electrochemical performance in terms of water window range as compared to platinum-iridium electrodes. The
results from the electrochemical studies also suggest that an activation of the surface takes place after the application of cyclic voltammetric stress.

Conclusion

We showed the feasibility of an effective and localized transformation of the insulation layer (Parylene C) to a conductive graphitic layer. The presented process stands out for the low-cost, facile fabrication and high compatibility with the existing thin-film technologies (eg,
polyimide and also rigid silicon-based devices). The presented fabrication methodology could potentially benefit many applications (eg,
neurotransmitter detection). More studies are scheduled to further improve the electrochemical performance and also to study the biostability and biocompatibility of the material created.
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Electrodes
Functional Organization of Motoneuronal Pools in the Lumbar Spinal Cord of Monkeys: Intraspinal
Microstimulation Targets
Amirali Toossi1; Dirk Everaert, PhD1; Steve Perlmutter, PhD2; Vivian Mushahwar, PhD1
1 University of Alberta
2 University of Washington

Introduction

The overall goal of this study is to investigate the functional organization of the motoneuronal pools in the lumbosacral spinal cord of nonhuman primates. This is conducted as part of our effort to translate intraspinal microstimulation (ISMS) to the clinic. ISMS is a method
developed for restoring standing and walking in people with spinal cord injury which involves the implantation of an array of electrodes
into the lumbosacral spinal cord. These electrodes activate networks of motoneuronal pools that produce coordinated leg movements.
ISMS investigations in animals showed significant benefits that are not achieved by currently available interventions. This motivated our
laboratory to prepare ISMS for testing in people. The functional organization of the pools targeted by ISMS are well studied in cats; however, such information is not available for primates. Few studies have investigated the anatomical organization of the pools in the human
lumbar spinal cord but do not provide information regarding their functional connectivity. As an intermediate step towards translation to
humans, we studied these networks in rhesus monkeys.

Methods

Experiments were conducted in three rhesus monkeys under pentobarbital anesthesia. The ventral horn of the lumbar spinal cords of
these animals were mapped by stimulation through a microelectrode. The electrode was mounted in a micromanipulator and moved in
steps of 0.5 mm, 0.5 mm and 2 mm; in the mediolateral, dorsoventral and rostrocaudal directions, respectively. The animal’s leg ipsilateral
to the side of stimulation in the spinal cord was suspended to allow visualization of the produced movements. At each location, leg movement and stimulation threshold were documented and at selected locations, kinematics, force and EMG signals were also recorded.

Results

In three experiments, a total of 117, 218, and 112 locations were stimulated, 43.4% ± 5.1% of which resulted in functional movement production (maximal stimulation amplitude: 100µA). The majority of the responses had stimulation thresholds ≤10µA. The functional organization of the motoneuronal pools obtained in these experiments was consistent between animals. The organization was also similar to
that of the cats.

Conclusion

Results obtained so far suggest that the functional organization of the motoneuronal pools are similar in the lumbar spinal cords of cats
and rhesus monkeys. Therefore, we anticipate that the functional map in humans is similar to that of the monkeys and cats. This is important because the maps obtained in these animals allow us to make predictions regarding the potential target locations for the first
ISMS implants in humans.
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Neural Prosthesis
Computational Evidence of Saphenous Nerve Recruitment During Percutaneous Tibial Nerve Stimulation for Overactive Bladder
Christopher Elder; Paul Yoo, PhD
University of Toronto

Introduction

Percutaneous tibial nerve stimulation (PTNS) is a minimally invasive neuromodulation therapy for overactive bladder (OAB) that uses an
uninsulated needle electrode to electrically activate the tibial nerve (TN). Stimulation is typically applied at an amplitude eliciting a motor
response (1T) or slightly less. Inconsistencies in the clinically applied amplitudes and those used in preclinical animal studies led us to hypothesize that the therapeutic effects of PTNS includes a bladder inhibitory reflex evoked by saphenous nerve (SAFN) afferents. The goal
of this study was to investigate the extent of SAFN activation during clinical PTNS therapy.

Methods

A finite element model (FEM) of the human lower leg was implemented to investigate the differential activation of a distribution of SAFN
branches and the TN in response to PTNS applied at varying electrode locations, stimulation amplitudes (0.5T-4T), and needle electrode
types. The FEM was used to solve for the extracellular voltage along individual myelinated axons, where neural excitation was predicted by
both the activating function and the MRG active axon model.

Results

Significant SAFN activation occurred in response to PTNS applied to a model of the human lower leg. At all TN stimulation amplitudes,
use of an uninsulated needle was shown to promote activation of the SAFN, with 20%-100% of modeled branches predicted to be active.
Comparatively, using an insulated needle increased the selectivity of stimulation toward the TN by an average of over 100%. Selective TN
stimulation was found to be possible with an insulated needle placed very close to the TN: 0.5 cm (0.5 T) to 0.02 cm (4T).

Conclusion

The model presented here predicts that activation of the SAFN is likely to occur during PTNS therapy at clinically applied amplitudes. The
affect this may have on clinical outcomes is unknown; however, these results coupled with recent preclinical trials in PTNS suggest that
SAFN activation may possibly provide supplementary bladder inhibitory effects. A precisely placed insulated needle electrode can be used
to achieve selective TN activation; however, to increase accuracy it is recommended that a low amplitude stimulation be used for confirmation of needle electrode location via identification of a motor response.
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Models and Stimulation Paradigms
Paired Electrical Stimulation to Alter Low-Frequency Brain Oscillation Synchrony in Fear Circuits
Meng-Chen Lo; Alik Widge, MD PhD
Massachusetts General Hospital

Introduction

Brain connectivity may depend on local field potential (LFP) oscillatory synchronies between areas. Those oscillations are correlated to
attention, learning and memory formation and are often abnormal within psychiatric disorders. Clinical exploitation of this knowledge is
limited by the lack of established paradigms to alter inter-area synchrony. Deep brain stimulation (DBS) can be a promising manipulation
due to its known safety and clinical translatability. In this work, we describe a method to alter oscillatory synchrony using rodent models
through paired electrical stimulations in fear circuits. We aim to enhance low-frequency theta band (4-8 Hz) oscillations between infralimbic cortex (IL) and basolateral amygdala (BLA), which are involved in learning of fear and safety cues.

Methods

Two-channel platinum/iridium electrodes were implanted into the IL and BLA of Long-Evans rats. 6 Hz charge-balanced biphasic stimulations were delivered either single-site to the IL or simultaneously to IL and BLA. Stimulation parameters were varied (stimulation duration:
0.5, 1, and 2 seconds; stimulation voltage: 0.5, 1, and 2V and phase lag between stimulation trains: 0, 90, 180, and 270 degrees), yielding
a total of 72 parameter sets. For each experimental session, the order of parameter-set testing was randomized. 5 repeated consecutive
stimulations were delivered within each parameter set. LFPs were collected and entrainment effects at different dosages were studied.

Results

Both single-site and paired stimulations induced IL-BLA coherence at the stimulation (6Hz) and harmonic frequencies. IL-BLA coherence
increased by up to 3.5 standard deviations (SD) over baseline for single-site IL stimulation and by up to 6 SD for paired stimulations in IL
and BLA. The coherence change lasted longer for the paired (~1.5 seconds) than single sited stimulations (~0.5 second). IL-BLA coherence could also be decreased (down to 3 SD over baseline) at some stimulation dosages, suggesting that these protocols can provide a
more precise control over brain networks. Furthermore, the coherence between regions was unrelated to stimulation-induced changes in
the individual power spectra, indicating the coherence change did not result from change in the signal-to-noise ratio at single location.

Conclusion

We have demonstrated electrical stimulation protocols may alter brain oscillatory synchrony. The method can provide a new technique for
neuroscientists to study brain networks and serve as a basis for new treatments for patients who have suffered from neuro-psychiatric
disorders. For future work, we intend to apply this to alter anxiety-related behaviors, which would provide evidence that brain synchrony a
key communicative mechanism.
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Deep Brain Stimulation
17T Diffusion Tensor Imaging Elucidates Targets of Deep Brain Stimulation
Katie Warthen1; Justin Hilliard, MD2; Kelly Foote, MD3; Christopher Butson, PhD1
1 University of Utah
2 University of Florida
3 Department of Neurosurgery

Introduction

The therapeutic mechanisms of deep brain stimulation (DBS) are not well understood, partially because of the limited resolution of imaging to identify stimulation targets. To gain greater insight into this problem, we acquired pre- and postmortem imaging of a patient with
Parkinson’s disease who was successfully treated using DBS. The images obtained included whole brain 3T MRI as well as 17T MRI anatomical and diffusion weighted imaging of the region around the DBS lead.

Methods

Whole brain 3T and 17T image volumes were coregistered using a visual programming computational workbench (SCIRun). Tensor reconstruction and tractography was performed using DSI Studio (http://dsi-studio.labsolver.org). The MRI images along with a simulated DBS
system were evaluated in SCIRun, which was used to integrate the therapeutic volume of activation for this subject as well as anatomical
areas of interest that had been segmented.
The 17T image consisted of 0.19 mm3 voxels, and fiber tracts of length 10mm to 300mm were created through a reconstruction method inherent to DSI Studio. Anatomical regions were hand segmented from the 17T anatomical MRI and used to create sections of tracts
corresponding to these regions of interest, also in DSI Studio. Data was then transferred to SCIRun, in which a simulated DBS system was
aligned with the 17T image as well as a postmortem 3T whole brain MRI scan. Therapeutic DBS settings for the patient were then used to
filter fiber tracts.

Results

In this integrated approach we were able to identify finely spaced fiber tracts that were modulated during therapeutic DBS. Tracts activated during therapeutic DBS included those that projected to the red nucleus, subthalamic nucleus, and substantia nigra.

Conclusion

Knowledge of the tracts and regions modulated in each specific patient is vital to the individual success of DBS. An imaging study of this
resolution has not yet been conducted for the study of DBS and could add substantially to our knowledge of target structures. There is
limited knowledge about the tracts activated in DBS and the regions that they correspond to, this study helps to shed light on the neural
structures affected by DBS.
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Deep Brain Stimulation
Mapping Threshold Response of Cortical Neurons to Pulsed Uniform Electric Field
Aman Aberra1,2; Boshuo Wang, PhD3; Angel Peterchev, PhD3; Warren Grill, PhD1
1 Duke University, School of Engineering
2 Diversity Travel Award winner
3 Duke University, School of Medicine

Introduction

Noninvasive brain stimulation modalities, including transcranial magnetic stimulation (TMS) and transcranial electric stimulation (tES), are
increasingly used as clinical and research tools, but their mechanisms of action are still largely unknown. These modalities can generate
suprathreshold electric field (E-field) in cortical regions with generally low spatial gradients relative to the size of single cells, but in many
instances appear to function through subthreshold mechanisms as well. To address the fundamental mechanisms underlying these modalities, we developed a modeling framework to apply E-field to arbitrary neural cable models. We then investigated basic questions regarding which neural elements are activated for a range of cortical cell types, and how thresholds for action potential (AP) initiation vary
with orientation of the E-field.

Methods

We used models from the experimentally validated library of rat cortical neurons generated by the Blue Brain Project, which include various cell-types with multiple “clones” produced by introducing stochastic variations in the morphology and ion channel properties of individual neurons. Thresholds for activation using uniform E-fields with square-wave, monopolar pulses were determined using a binary
search algorithm at field orientations sweeping the polar and azimuthal directions. The models were implemented in NEURON and coupled to extracellular potentials calculated in MATLAB.

Results

The sites of AP initiation and maximum depolarization during the pulse were nearly always at an axonal termination parallel to the field,
with the exception of some field orientations maximally depolarizing bifurcations near presynaptic terminals or dendritic terminations.
Due to the high degree of branching and spatial extent of the realistic axons included in these models, threshold maps exhibited numerous local minima of excitation thresholds dependent on the specific axon morphology. For cell types with axons projecting predominantly
unidirectionally, like pyramidal cells, this resulted in more asymmetric threshold maps with lower thresholds for E-field oriented along the
axonal arbor, while more spherically symmetric cell types, such as large basket cells, exhibited relative insensitivity to orientation.

Conclusion

The modeling results suggest axon terminals are the lowest threshold elements of cortical neurons for E-fields with low spatial gradients,
and morphological biophysical differences between and within cell types directly affect thresholds values. Despite the smaller size of rat
cells, the morphological principles governing the dependence of threshold on field orientation should produce similar effects in humans.
Future investigation with nonuniform E-fields and a range of spatial and temporal parameters should provide additional insights into the
mechanisms of noninvasive modalities of brain stimulation.
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Clinical Neuromodulation
Novel Predictive Spinal Cord Stimulation Algorithm for Chronic Pain
Haigreeva Yedla1; Brandon Swan, BSE; Shivandan Lad; Warren Grill, PhD
1 Duke University

Introduction

Successful spinal cord stimulation (SCS), a well-established therapy for treating chronic pain, is thought to depend on maximal activation
of dorsal column (DC) fibers with minimal activation of nearby dorsal root (DR) fibers. While many past innovations focused on hardware,
future innovations are likely to focus on software and programming. The purpose of this study was to develop an algorithm that can identify SCS parameters that maximize DC activation and minimize DR activation.

Methods

We previously developed patient-specific computational models that can predict %DC/%DR activation for a single set of SCS parameters
(Howell et al. 2014). Patient-specific volume conductor finite element method (FEM) models of the spine and SCS electrodes, based on
preoperative magnetic resonance and postoperative X-ray imaging, were built, and solved for electric potentials in the spinal cord. These
potentials were then applied to cable models of DC and DR nerve fibers to calculate %DC/%DR activation. In this study, we implemented a genetic algorithm (GA) to calculate optimal SCS parameters, with each “organism” representing the amplitude of current from distinct electrode contacts. However, solving the FEM model required ~40 minutes, with the cable model requiring another ~8 hours for each
organism.
To reduce computation time, the FEM model incorporated the superposition theorem, and electrode contacts were modified from depictions as boundaries to volumes. Parallel computing was implemented to solve the nerve fiber cable models. To assess robustness, the GA
was tested with various FEM models, including different spine geometries and electrode locations. Simulations of GAs with different cost
functions, varying weights on energy and %DC/%DR activation were run to determine effects on optimal SCS parameters.

Results

Exploiting superposition reduced computation time for solving FEM models to a total of 8 hours, regardless of population size or total
number of generations. Further, parallel computing reduced computation time to solve nerve fiber cable models to 5 minutes per organism. The GA calculated SCS parameters that resulted in high %DC/%DR activation (>95% DC activation, <3% DR activation), regardless of
variations in spine geometry or electrode placement. Increasing the weight on energy in the cost function resulted in the GA identifying
solutions with electrodes outputting low currents, while %DC/%DR activation was not significantly affected.

Conclusion

This study suggests that model-based optimization combining patient-specific models and a genetic algorithm can produce SCS parameters resulting in high %DC/%DR activation.
This work was supported by the Duke-Coulter Translational Partnership Grant Program.
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Clinical Neuromodulation
Implantable Neural Recording and Stimulation Technologies for In-Vivo Electrophysiology
for Rodents
James Morizio, Vinson Go
Triangle Biosystems International

Introduction

Over the past decade wireless technology advancements for neural recording and stimulation have evolved whereby they can now be designed for implantable in-vivo electrophysiology applications on freely moving mice and rats. System level concepts for implantable telemetric recording up to 64 simultaneous channels and bipolar constant current electrical stimulation on 16 channels will be described. Key
design challenges and tradeoffs of these wireless technologies will be explained.
Methods
I will present integrated systems solutions for implantable technologies to acquire EEG, EMG, ECG, and single units or spikes signals from
brain, central nerve, or peripheral nerves. Subsystem components and accessories will also be described that include electrodes or neural
interfaces, low noise integrated CMOS electronics, RF circuitry, 90-day packaging, inductive powering, and DAC analysis software used for
neural recording. The same will follow for constant current electrical stimulation and optogenetic stimulation and combo stimulation/secording headstage implantable technologies.
Results
An implantable wireless neural recording headstage system was presented showing real-time single unit and local field data time data.
The number of records channels can be varied from 5 channels to 64 channels. Implantable electrical and optogenetic stimulation will
also be demonstrated with two electrodes and optrodes respectively. A variety of stimulation patterns will be presented.
Conclusion
Implantable wireless recording and stimulation headstage technologies have been developed to be a viable and reliable alternative as
compared to wireless head mounted or tethered equipment for rodents. Recording channels can vary from 5 to 128 simultaneous electrode sites. Wireless stimulation headstages were demonstrated for 2 to 16 channels for bipolar constant current pulses and 2 channels
of optogenetic blue wavelength. Technology roadmaps and behavior systems were also presented to show the technology migration of
the complete systems.
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Wireless Systems
Microneurography as a Tool for Testing Limb Prosthetics
Changqing Kao, MD; Peter Konrad, MD PhD; André Diedrich, MD PhD; Laura Diedrich, MD; Michael Goldfarb, PhD
Vanderbilt University

Introduction

Many sophisticated versions of artificial limbs are now being developed. EMG is commonly used to drive movement. Such signals have
4-6 independent signal sources. It is unnatural and messy. Nerve impulses can be recorded using a microelectrode, and such microneurography has been used in peripheral, neural, autonomic, pain, and sensory traffic studies in humans. Can we use human motor neural signals (microneurography) for testing?

Methods

Percutaneous insertions of microelectrodes (200 µm shaft, 3-5 µm tip size at 2 -3 MΩ) into the median nerve with no anesthesia in 3 volunteers (our research team members). Standard microelectrode recordings were conducted. Ultrasound was also used to confirm the
anatomy.

Results

Microelectrode recording from the median nerve was documented in a video. The signals were not related to touching; it was finger specific (index finger), and it was motor only. It was demonstrated that such signals can be used to drive the “index finger” of a robotic arm.

Conclusion

Microneurography is a well-established technique. The sensory, motor, and autonomic traffic can be detected with precise detail. Human
subjects can tolerate this procedure for prolonged testing (several hours). Use of videography combined with recordings can be used to
derive movements in prosthetics. Stimulation through microneurography can create a “virtual” sensory perception for potential use as
feedback signals from synthetic sensory systems.
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Peripheral Nerve Interfaces
An Adaptable Intraspinal Microstimulation Controller to Restore Walking after a Hemisection Spinal
Cord Injury
Ashley Dalrymple; Dirk Everaert, PhD; Vivian Mushahwar, PhD
Physical Medicine and Rehabilitation, Department of Medicine, Faculty of Medicine and Dentistry, University of Alberta

Introduction

The overall goal of this project is to develop an intervention to restore walking after an incomplete spinal cord injury (SCI) using intraspinal
microstimulation (ISMS). ISMS entails implanting electrodes into the ventral horns of the lumbosacral enlargement of the spinal cord to
achieve coordinated synergistic movements of the legs (Mushahwar et al 2000, Saigal et al 2004). In a cat model of complete SCI, ISMS
produced long distances of stable walking (Holinski et al 2013), suggesting that it may be a viable clinical method for restoring walking in
people with paralysis. The focus of this work is to develop adaptable control strategies to augment variable residual function after an incomplete SCI.

Methods

The initial controller was tested in a hemisection SCI model, which results in paralysis of one limb, leaving the contralateral limb motor-intact. Pilot experiments were conducted in anaesthetized cats with an intact spinal cord to test the capacity of the controller to produce coordinated activation of the hemi-paretic leg that is reciprocal to the walking of the intact leg. Voluntary movements of a motor-intact limb
was simulated by an experimenter who manually moved one hind-limb through the states of the gait cycle at different speeds over a moving treadmill. Force and angular velocity were acquired using external sensors and relayed to the controller in real-time to distinguish the
states of the gait cycle. Once the controller determined the limb’s current state, it sent stimulation commands to the other hind-limb to be
in the opposite state of the gait cycle.

Results

Preliminary results showed that the controller successfully detected the individual states of the gait cycle based on sensor information.
Oppositional movements were successfully achieved based on real-time sensory feedback for different walking speeds. Safety rules were
implemented to test the controller’s ability to adapt to fatigue, obstacles, and hyper-extension of the limb. These situations were successfully detected by the controller using the sensor information, and the controller adapted the stimulation output according to pre-set
reactions.

Conclusion

This work demonstrates that the states of the gait cycle can be successfully detected using as few as two sensors in order to restore
walking in a hemisection SCI model. The walking achieved at different speeds can also be improved in real-time using safety rules. Future
work includes testing this controller in animals with a hemisection SCI and eventually to restore walking after a contusion SCI.
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Neural Prosthesis
EMG-Bridge for Motor Function Rebuilding of Paralyzed Limbs
Zhi-Gong Wang Dr-Ing; Xiao-Ying Lü Dr; Hai-Peng Wang, Master; Yu-Xuan Zhou, Master; Xue-Liang Bao, PhD
Southeast University

Introduction

Periodic pulse trains are widely used in existing functional electrical stimulation (FES) systems. Such artificial encoding can only achieve
limited and coarse movements that differ significantly from natural limb movement both in freedom of motion and degree of coordination. An electromyographic bridge (EMGB) has been conceptualized based on and expanded from the microelectronic neural bridge we
proposed in 2005 for treatment of paralysis caused by spinal cord injury. The aim is to promote noninvasive motor function rehabilitation
of paralyzed limbs.

Methods

An EMGB system consists of a group of surface recording electrodes, a row of EMG-signal amplifiers and subsequent signal processors,
a wired or wireless signal transmission system, a row of FES-signal generators, and a group of surface stimulating electrodes. EMG-signals are detected from a healthy limb by the surface recording electrodes, and after amplification and processing, transmitted to the output end for the paralyzed limb where they will be regenerated, transformed into specialized FES pulses and applied to the surface stimulating electrodes. The EMGB effectively forms pathways from the brain to the paralyzed limb via the spinal cord, the peripheral nerve, the
muscle of the controlling limb, and the EMGB-system. Thus, the paralyzed limb can follow movements of the healthy limb.

Results

A prototype 2-channel EMGB device has been designed and tested for product registration inspection, and used in clinical experiments in
several hospitals in Nanjing and Beijing. Paretic limbs and fingers of 54 hemiplegic patients have been trained using the EMGB device, and
another 58 hemiplegic patients have been trained using existing FES devices as control. Three rating scales, i.e., the FMA-score, the MSSscore, and the sEMG of autonomous motion, at the begin, after 2 and 4 weeks of training, have quantitatively shown that the EMGB device
has significantly better rehabilitation effects than the existing FES devices.

Conclusion

The concept of an EMGB that can regenerate EMG-signals and rebuild motor function in paralyzed limbs has been presented with its system construction and functionality. The effects of the system have been demonstrated by clinical experiments using a prototype 2-channel EMGB device.
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Peripheral Nerve Interfaces
MEA-based Quantitative Measurement of Electrophysiological State of Quiescent Neuronal
Networks
Xiao-Ying Lü; Zhi-Gong Wang Dr-Ing; Shuai An, PhD, candidate in translation
Southeast University

Introduction

An MEA-based voltage threshold measuring method (VTMM) is demonstrated for the quantification of the electrophysiological state of
quiescent neuronal networks. The aim is to validate this method’s effectiveness for determining the influence of extrinsic factors on the
electrophysiology of neuronal networks.

Methods

Rat hippocampal neurons were harvested and cultured into networks on micro-electrode arrays (MEAs) for recording with an electronic signal processing system. Thresholds were determined by applying voltage pulses with increasing amplitude at one electrode site and
monitoring recording from other sites until neural spiking occurred. Extracellular ethanol concentration and temperature were used as extrinsic factors to demonstrate the influence on the threshold of neuronal networks, and empirical relationships were obtained.

Results

The control experiment yields a baseline threshold of V_th=56 mV. The ethanol concentration (C_Et) experiment showed that in the range
of 0≤C_Et<120 mmol/L, the thresholds dependency can be given by V_th=72.677⋅exp(0.022[(C)]_Et ), whereas beyond 120 mmol/L, the
network became unresponsive and thresholds could not be obtained. The temperature (T) experiment revealed a U-shaped threshold
curve in the range of 34°C≤T<42°C, while no thresholds were obtained for either T<34°C or T≥42°C.

Conclusion

The MEA-based ethanol and temperature sensitivity experiments demonstrated the validity of the proposed voltage threshold measuring
method. Quantitative results have been obtained for the evaluation of the electrophysiological state of quiescent neuronal networks.
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Neural Signal Processing
Suppression of Scarring in Peripheral Nerve Implants by Drug Elution
James Fitzgerald, MA BM BCh FRCS(SN) PhD

Introduction

Peripheral nerve interfaces for high resolution applications, such as controlling robotic prosthetic limbs, typically feature multiple small
electrical contacts distributed within the nerve, so that each contact can record from a separate group of axons in its immediate vicinity.
Several designs have been developed which can be broadly classified as penetrative (needles and needle arrays) or regenerative (sieves
and microchannels). These may function well initially but performance degrades over time due to the foreign body response (FBR), which
results in the deposition of scar tissue on implant and electrode surfaces. The scar gradually thickens, pushing axons away from needle
contacts and choking off sieve holes and microchannel lumens. Suppressing the FBR is a key requirement for interface longevity. Here a
new approach to this is presented—chronic elution of anti-inflammatory drugs from the device substrate into its immediate vicinity.

Methods

Peripheral nerve implants comprising an array of parallel 150μm diameter microchannels were fabricated by casting in silicone. The array
contained 24 microchannels running within a 2.5mm long, 1.5mm diameter silicone cylinder, from end to end. Within the devices were areas that were doped with the steroid drug dexamethasone. The total drug content was 4μg per device. Control implants were made without the inclusion of the drug. Devices were implanted in rat sciatic nerve for periods of 3, 6, and 12 months and then explanted and analysed histologically. Alongside this, drug release was measured in vitro and mathematically modeled.

Results

In the control implants, scar tissue formed on the microchannel walls and progressively thickened at longer timepoints. In the drug eluting implants the initial scarring was substantially reduced, and after 6 months the scar stopped thickening. Axon populations within control microchannels fell with time as the scar thickened, while those in microchannels in drug eluting devices gradually rose. Measurement
of drug elution in vitro coupled with mathematical modeling showed continuous drug release over the whole 12 month period, at a mean
rate of less than 10 nanograms per day.

Conclusion

Anti-inflammatory drug elution in extremely small quantities can suppress the FBR in peripheral nerve implants. This study lasted a year,
but similar techniques used to suppress scarring around cardiac pacemaker lead tips demonstrate the feasibility of making these effects
endure for decades.
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Peripheral Nerve Interfaces
Dual Purpose Carbon Fiber Electrode Array for the Detection of Electrophysiological and
Dopaminergic Activity
Paras Patel; Pavlo Popov, BS1; Ali Mohebi, PhD2; Daniel Egert, PhD1; Arif Hamid, BS1; Khalil Najafi, PhD1; Joshua Berke, PhD1; Brandon Aragona,
PhD1; Cynthia Chestek, PhD1
1 University of Michigan
2 Psychology

Introduction

Monitoring the electrical and chemical activity from neighboring but distinct populations of neurons while maintaining a stable interface
is crucial to better understanding neural dynamics and information processing. This holds particularly true for the nucleus accumbens,
a substructure of the striatum, which has been closely associated with decision making, but whose subregions, the core and shell, have
been shown to have differing dopamine release characteristics. To date, sampling from these regions with multiple electrodes has been
difficult due to the size of existing glass insulated carbon fiber electrodes. To overcome this issue we have developed a high density carbon fiber electrode array that can alternatingly monitor electrophysiological and dopaminergic activity.

Methods

An array was fabricated using a thin (t=50µm) flexible printed circuit board as the underlying substrate. The board has a long extension
(l=9mm) that allows us to reach the nucleus accumbens. At the end of this extension five carbon fibers, at a pitch of ~200µm, were secured using silver epoxy. The fibers extended past the edge by 500µm and were insulated with Parylene C. The tips of the fibers were then
laser etched to re-expose a carbon surface and treated with oxygen plasma to remove any remaining debris. The laser and oxygen plasma
treatment results in a low electrode impedance and eliminates the need to electrodeposit metals or conductive polymers at the electrode
tip. To implant the array, first a small glass cannula was inserted just above the nucleus accumbens, then the array was inserted into the
cannula, and cemented in place.

Results

For one rat, daily electrophysiology measurements were taken, during which time unit activity was detected on 9 of 15 days. Average unit
peak-to-peak amplitude across all channels and days was 90µV. In addition, on the first and last day, bursts of dopamine release were detected on one fiber using fast scan cyclic voltammetry after the administration of a cocaine and raclopride mixture through a venous port.

Conclusion

Taken together, these preliminary results point to the viability of this technology to sense both electrophysiological and dopaminergic activity using the same electrode. The array configuration of these electrodes allows for sampling of electrical and chemical activity from
neighboring, but still distinct, neuronal populations. Increasing the electrode density and count will only continue to provide more information about population dynamics.
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Electrodes
Effects of Alternating Current Transcranial Stimulation on Pain-Related Depression and Neuropathic
Pain
Kenan Gungor; Larry D. Empting, MD

Introduction

Transcranial stimulation has been shown to have a positive effect on depression and chronic nociceptive pain. Current research on Transcranial alternating current stimulation (tACS) suggests that it can induce changes in the rhythm and synchronicity of neuronal network
activity. This clinical series assesses the anti-depressive capabilities of tACS on depression induced by neuropathic pain and assesses the
analgesic properties of tACS on neuropathic pain induced by traumatic industries nerve injuries to the limbs.

Methods

A cohort of 10 subjects between the ages of 18 and 65 with subacute or chronic neuropathic pain features directly resulting from traumatic industrial nerve injury to the limbs were recruited which included cases of direct nerve trauma and CRPS. Subjects underwent two sets
of five consecutive 1-hour treatment sessions. The primary outcome (depression severity caused by neuropathic pain) as well as the secondary outcome (neuropathic pain characteristics) were assessed via two pain metrics, one visual analog and one ratio scale, as well as
an abbreviated depression questionnaire.

Results

The results of the series showed an average decrease of 19.17% in pain intensity (p=0.0015, ES = -1.1126, r= -0.2176), 32.82% decrease
in pain unpleasantness (p=0.0039, ES = -1.2285, r= -0.2349), 19.87% decrease in global pain (p=0.0109, ES = -0.9238, r= -0.1876), and a
53.70% decrease in depressive symptom severity (p=0.0028, ES = -0.9160, r= -0.1863). Statistical analysis involved a paired t-test which
showed statistical significance (p< 0.05) for all outcome measurements and calculated effect size.

Conclusion

The results of this clinical series strongly suggest that tACS merits further research as a treatment method for pain induced depression as
well as neuropathic pain resulting from traumatic nerve injury.
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Clinical Neuromodulation
Extracting Neuroprosthetic Control Signals from Regenerative Peripheral Nerve Interfaces in Human
Subjects
Philip Vu; Zachary Irwin, PhD; Ian Sando, MD; Phillip Henning, DO; Melanie Urbanchek, PhD; Paul Cederna, MD; Cynthia Chestek, PhD
University of Michigan

Introduction

Peripheral nerves provide a promising source for neuroprosthetic control, given their functional selectivity and relative ease of accessibility. However, current interface methods, such as intrafascicular electrodes, are limited in a clinical setting either by low signal amplitude or
interface instability. Here, we address some of these issues by extracting hand level prosthetic control signals from regenerative peripheral nerve interfaces (RPNI) implanted within a person with a transradial amputation.

Methods

RPNIs are constructed by suturing a small graft of devascularized, denervated muscle to the residual end of a severed nerve. The graft
then revascularizes, regenerates and becomes reinnervated by the transected nerve. Overall, RPNIs act as stable bioamplifiers for efferent
action potentials and produce recordable electromyography (EMG) signals, making them a viable source for neuroprosthetic control. Here,
the subject was implanted with three RPNIs, one on each of the median, ulnar, and dorsal radial sensory nerve, for the treatment of symptomatic neuromas. Due to the distal location of the subject’s amputation, only the median and ulnar RPNIs contained motor information.

Results

Using percutaneous fine-wire bipolar electrodes, we were able to record a 300-400µVp-p EMG signal from the median RPNI with a signal-to-noise ratio (SNR) of 24.2 during thumb flexion and a 100-120µVp-p EMG signal from the ulnar RPNI with a SNR of 5.84 during finger abduction. In addition to the two RPNIs, we recorded EMG from residual muscles: the flexor digitorum superficialis (FDS) with a
100-120µVp-p signal and a SNR of 6.30, and the flexor pollicis longus (FPL) with ~1mVp-p signal and a SNR of 47.8. The FDS signal correlated with middle finger flexion, while the FPL signal correlated with thumb flexion.
Using these signals, we successfully predicted the subject’s attempted movements in real-time. A Naïve Bayes classifier was able to classify movements as either thumb, middle, or little flexion in a 100-trial session with 100% accuracy using temporal features of the EMG
waveform within 100-500Hz. These predicted movements were further used to control a Touch Bionics iLimb prosthetic hand adjacent to
the subject. In addition, using the same classifier offline, we were able to classify pinch grasp, thumb opposition, thumb/little opposition,
or finger adduction movements with 96.4% accuracy.

Conclusion

For future work, nerves can be surgically subdivided into individual fascicles to construct multiple RPNIs to increase the number of degrees of freedom. Overall, we have demonstrated that RPNIs may provide a clinically viable strategy for producing high signal amplitude
for neuroprosthetic control.
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Peripheral Nerve Interfaces
Enhancement of Cortico-Cortical Evoked Potentials by Beta-Oscillation Triggered Direct Electrical
Stimulation in Humans
David Caldwell; Jared Olson, MD; Jeremiah Wander, PhD; Stavros Zanos, MD PhD; Devapratim Sarma, BS; David Su, MD; Jeneva Cronin, BS;
Kelly Collins, MD; Jing Wu, BS; Lise Johnson, PhD; Kurt Weaver, PhD; Eberhard Fetz, PhD; Rajesh Rao, PhD; Jeffrey Ojemann
Center for Sensorimotor Neural Engineering

Introduction

Neuromodulation through cortical direct electrical stimulation (DES) may offer targeted neurorehabilitation for neurologic deficits due to
diseases such as stroke. Prior human and animal research in the peripheral and central nervous systems has demonstrated that neural
activity-dependent stimulation can induce synaptic plasticity, and potentially enhance rehabilitation outcomes. Cortico-cortical evoked potentials (CCEPs) offer a method to interrogate the effects of DES on human cortex and its effect on short-term synaptic plasticity. In order to characterize the potential of direct electrical stimulation for neurorehabilitation in humans, we studied beta-oscillation triggered
stimulation.

Methods

Subjects with intractable epilepsy were implanted with electrocorticographic (ECoG) grids for clinical monitoring prior to surgery. Neural signals were acquired via Tucker-Davis Technologies (TDT) hardware, and the band-passed signal (12-20 Hz, representing beta oscillations) at
an electrode in somatosensory cortex triggered stimulation across an electrode pair. During periods of heightened amplitude oscillations
(beta-bursts), conditioning pulses were delivered for the duration of the beta-burst. Test pulses outside of the conditioning window were delivered every 500 ms to compare the short-term effects of conditioning on CCEP magnitude. Stimulation consisted of bipolar, biphasic pulses with pulse width of 1.2 ms, and currents in the 1-5 mA range. Data was acquired at 12 kHz, and subsequently postprocessed in MATLAB
to analyze CCEPs following trains of conditioning relative to a baseline period. CCEPs were converted to z-scores relative to a baseline period of 100 ms prior to stimulation.

Results

ANOVA across seven subjects revealed a dose-dependent enhancement of CCEP magnitude (Figure 1). Increasing the number of conditioning pulses delivered during beta-bursts resulted in greater enhancement of CCEPs relative to baseline periods (14% increase for greater than 5 pulses relative to baseline). In general, the largest CCEPs and greatest enhancement were seen in the beta-recording channel.
Occasionally, a neighboring electrode demonstrated greater dose dependence than the beta-recording electrode. The effect was not as
strongly observed with beta-independent stimulation.

Conclusion

Beta-activity triggered direct electrical stimulation in human subjects enhanced the magnitude of cortico-cortical evoked potentials, suggesting the potential use of activity-dependent cortical stimulation for inducing plasticity and accelerating neurorehabilitation in individuals suffering from diseases such as stroke. Future research will sweep the parameter space of electrical stimulation to maximize the robustness and size of the effect.
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Brain Computer/Machine Interface
Outcomes of 1 kHz Subperception Spinal Cord Stimulation in Patients With Failed ParesthesiaBased Stimulation
James North, MD; Kyung Soo Hong
The Center for Clinical Research

Introduction

Pain relief via spinal cord stimulation (SCS) has historically revolved around producing paresthesia to replace pain, with success measured by the extent of paresthesia-pain overlap. In a recent murine study by Schecter et al (2013), showed the superior efficacy of high
frequency SCS (1 kHz, and 10 kHz) at inhibiting the effects of mechanical hypersensitivity compared to sham or 50 Hz stimulation. In
the same study, authors report there were no differences in efficacy between 1 kHz, and 10 kHz delivered at subperception stimulation
strength (80% of motor threshold). Therefore, we wanted to find out if similar techniques can be used to restore pain relief to those patients who have already been implanted with spinal cord stimulator and experiencing inadequate pain relief.

Methods

We designed a randomized, 2x2 crossover study of low frequency supra-perception SCS vs. subperception SCS at 1 kHz frequency in order to test whether subperception stimulation at 1 kHz was sufficient to provide effective pain relief in human subjects. Twenty-two subjects with SCS and inadequate pain relief, based on numeric pain rating scale (NPRS) scores (>5), were enrolled and observed for a total of
7 weeks (3 weeks of treatment, 1 week wash off, and another 3 weeks of treatment). Subjects were asked to rate their pain on NPRS as a
primary efficacy variable, and complete the Oswestry Disability Index (ODI) and Patient’s Global Impression of Change (PGIC) as secondary outcome measures.

Results

Out of 22 subjects that completed the study, 21 subjects (95%) reported improvements in average, best, and worst pain NPRS scores. All
NPRS scores were significantly lower with subperception stimulation compared to paresthesia-based stimulation (p < 0.01, p < 0.05, and p
< 0.05, respectively). As with NPRS scores, the treatment effect of subperception stimulation was significantly greater than that of paresthesia based stimulation on ODI scores (p = 3.9737 x 10-5) and PGIC scores (p = 3.0396 x 10-5).

Conclusion

The findings of this study suggest that 1 kHz subperception stimulation is an effective alternative for subjects with failed paresthesia-based stimulation. Further research should continue to seek alternative stimulation modes that are energy efficient, and provide superior pain relief while minimizing long term side effects. In addition, there needs to be a congruent effort to improve battery life in terms of
per charge and charge cycles if much higher frequency stimulations are to become a viable alternative.
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Clinical Neuromodulation
Performance Metrics in Animals of a Peripheral Nerve Electrode Array
Srikanth Vasudevan, PhD1; Kunal Patel2; Cristin Welle, PhD3
1 US Food and Drug Administration
2 University of Maryland, College Park, MD
3 University of Colorado, Denver

Introduction

Successful implementation of a neuroprosthetic device relies on stable and effective neural interface. The peripheral nerves in amputees
are easily accessible and can serve as a conduit for bidirectional communication with the motor and sensory systems. Motor intent can
be obtained by recording from the nerves, while stimulation elicits sensory perceptions critical for optimal device performance. Peripheral
nerve anatomy has unique anatomical and physiological characteristics that effect the neural interface, and require preclinical testing platforms to evaluate long-term performance. The objective of this study is to evaluate chronic safety and efficacy of Utah arrays implanted in
rodent peripheral nerves.
Methods
A 16-channel Utah array (n=5, BlackrockMicrosystems) was implanted into the rat sciatic nerve, and custom bipolar stainless-steel wire
EMG electrodes (Microprobes) were implanted into gastrocnemius and tibialis anterior muscles (2 electrodes/muscle). Connectors were
housed in a custom mount and secured to the lumbar fascia. Stainless-steel screws were implanted over somatosensory cortex to record
somatosensory evoked potentials (SSEP). Spontaneous electrophysiology and electrical impedance spectroscopy measurements were
obtained weekly in awake, behaving animals, beginning 2 weeks postimplantation. SSEPs were acquired under anesthesia following the
weekly recording sessions. Functional performance was assessed biweekly using walking track analysis. All measurements were recorded until 12 weeks postimplantation or device failure, and animals were euthanized at week 13 for tissue and implant harvest.
Results
For a given recording session, fewer than 25% of the channels recorded neural activity, with high session-to-session variability in recording
quality. EMG from the implanted arrays recorded gait related activity which sometimes correlated with neural firing, demonstrating functional nerve activity during movement. SSEP recording also showed session to session variability. Walking track analysis indicated recovery around 2 weeks post implantation. Preliminary histology of the nerves showed the presence of myelinated and unmyelinated axons
around the electrode shanks, with multiple layers of cellular nuclei at the interface.
Conclusion
Utah arrays showed compatible electrical and mechanical properties and did not impede recovery of nerve function. However, the session-to-session variability in recording and stimulation can pose hurdles for chronic neural interface applications. Further investigation
into electrode stability is required for developing a reliable peripheral nerve interface using Utah arrays.
DISCLAIMER: The mention of commercial products, their sources, or their use in connection with material reported herein is not to be construed as either an actual or implied endorsement of such products by the US Department of Health and Human Services.
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Figure 1: Plot of z-scored CCEP magnitude for test pulses from ANOVA analysis across subjects (N=7).
Subsection on the right illustrates an example neural recording and CCEP following a test pulse. The
grayed out portion represents a stimulus pulse, and the region right before the grayed pulse represents
the neural state before stimulus which was used for z-scoring. Error bars represent 95% confidence
intervals. Numbers on the x-axis represent the number of conditioning pulses delivered during a betaburst. Baseline represents a test pulse more than 2 seconds away from a beta-burst. Demonstrated is the
increase in CCEP magnitude with increasing numbers of stimuli in the conditioning train during beta
bursts.
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Peripheral Nerve Interfaces
Dynamic Training of Multilayer SVM for Seizure Onset Detection
Daniel Ehrens; Mackenzie Cervenka, MD1; Gregory Bergey, MD1; Christophe Jouny, PhD1
1 Johns Hopkins School of Medicine

Introduction

We investigate a seizure detection paradigm in which training of the machine learning algorithm is performed continuously, resulting in a
dynamically adapting algorithm to the specificity of the EEG characteristics. In order to assess whether changes in the feature space or
in the spatial context provide a greater sensitivity to the early seizure onset, we compare several multilayer SVM models to a simple layer
SVM.

Methods

We extract 10 features per channel including spectral parameters, complexity and entropy measures. We implemented a one-class Support Vector Machine (SVM), which trains on a 20-minute window of features for all channels and shifts every second. We compare the
one layer SVM with four different multilayer configurations: a single layer SVM by feature (A) and a single layer SVM by channel location
(B). For (A) and (B) detection happens when 15% of SVMs cross threshold. We also tested a multilayer SVM by feature (C) and a multilayer SVM by channel location grid (D). For (C) and (D), the 2nd layer SVM is implemented for event detection. The detectors were tested on
continuous EEG recordings ranging from 24 to 37 hours from 4 patients with epilepsy who underwent presurgical intracranial monitoring.

Results

A total of 16 seizures in 110 hours of EEG data were analyzed using all five configurations. Results showed that the use of a 2nd layer notably reduced the false positive rate per hour. Detection efficiency was measured using an optimality index that best minimized both latency and FP/hr. The optimal configuration was (C), with a mean detection latency of 7.5 seconds and false positive rate of 1.9 FP/hr.

Conclusion

Although all detections were performed offline in this study, the processing time of our algorithm was designed for implementation as a
real-time seizure-onset detector. The dynamic training allowed us to detect seizure events without prior training of the ictal signature. The
implementation of the 2nd layer increased the specificity of the algorithm, while maintaining high sensitivity and low latency. The use of
a dynamically adaptive multilayer SVM is a promising paradigm for the detection of ictal events whose dynamic characteristics are unknown at the time of patient’s admission to the epilepsy monitoring unit.
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Figure 1. Average pain, best pain, and worst pain NPRS scores were all
significantly lower following 1 KHz subperception stimulation, compared to
paresthesia-based stimulation with p < 0.01, p < 0.05, and p < 0.05,
respectively. Bars indicated standard error.
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Neural Signal Processing
Sterilization of softening Shape Memory Polymers used as Substrate for Neural Devices
Melanie Ecker; Vindhya Danda, BS; Joseph Pancrazio, PhD; Walter Voit, PhD
The University of Texas at Dallas

Introduction

A new generation of materials for neural recording electrodes comprises shape memory polymers (SMPs). These materials have the capability to undergo softening after insertion in the body, and therefore reduce the mismatch in modulus that usually exists between the device and the tissue. In other words, these devices are rigid during insertion but become elastomeric during use. In order to use these devices in vivo, it is necessary to sterilize them without altering their thermomechanical properties.

Methods

Presented are the materials properties of stimuli-responsive thiol-ene/acrylate polymers before and after various sterilization methods, including autoclave, UV and ethylene oxide. Time and temperature dependent thermomechanical properties of sterilized and unsterilized samples were determined by means of a DMA with immersion system. Beyond that, ATR-FTIR was used to examine surface
characteristics.

Results

Our findings imply that thiol-ene/acrylates are sensitive to various sterilization approaches. The polymers show slight shifts either in their
transition temperature or in their elastic modulus afterwards. However, the softening capability of the SMP test devices was not affected,
as demonstrated by the significantly decreased glass transition temperatures after being immersed in PBS.

Conclusion

We examined the effects of various sterilization methods on the thermomechanical properties of neural probe test structures comprised
of SMP. It was found that sterilization with ethylene oxide gas is the most appropriate one among the ones herein presented. It was also
shown that the use of immersion DMA allowed thermomechanical testing of polymers in physiological solution such as PBS, mimicking
in vivo conditions and thus enabling a view under clinically representative conditions. These findings have significant implications for the
commercial application of SMP as a neural electrode substrate.
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Materials and Devices
Frequency-Dependent Urodynamic Changes During Tibial Nerve Stimulation Using a Wirelessly
Powered System in Anesthetized Cats
Zainab Moazzam1; Austin Duke, PhD2; Paul Yoo, PhD1
1 University of Toronto
2 Nuviant Medical Inc.

Introduction

Percutaneous tibial nerve stimulation (PTNS) is an effective therapy for overactive bladder (OAB) symptoms where electrical pulses are
delivered at 20 Hz coupled with amplitudes below the foot twitch intensity (T). The stimulation protocol involves an initial induction period
of 12-weeks followed by maintenance sessions every 3-months to sustain the therapeutic effects. However, logistics and failure to follow
up have recently been highlighted as major contributors to the declining compliance of patients to this type of stimulation regime. To this
purpose, the objectives of this study were to (1) investigate the feasibility of using a wirelessly powered stimulation platform to modulate
tibial nerve (TN) activity and (2) characterize the effects of stimulation frequency on urodynamic parameters using a multicontact neural
interface.

Methods

Acute experiments were conducted in six a-chloralose anesthetized adult male cats. The intensity for eliciting a foot motor response was
determined to quantify TN activation. Using an isovolumetric bladder model, repeated short-duration (10-minutes) stimulation trials were
applied at frequencies ranging between 6-20 Hz coupled with amplitudes corresponding to 3T using the channel that resulted in the lowest motor threshold. Changes in bladder activity during intra- and poststimulation periods were quantified by measuring the average bladder pressure where stimulation-evoked variations were expressed as percentage change from the prestimulation period.

Results

On average, channel 1 yielded the lowest threshold for eliciting a motor response averaging to 0.83 ± 0.05 mA (range: 0.58 mA-0.96 mA).
Implant driven stimulation of TN resulted in a frequency-dependent activation of bladder reflexes. Low frequency TNS (2 Hz) consistently evoked excitatory responses (32.9 ± 3.8 % increase in average bladder pressure); whereas, higher frequency TNS (6 Hz to 20 Hz) resulted in significantly distinct inhibitory response (14.9 ± 2.4 % decrease in average bladder pressure) during the intra-stimulation phase. The
poststimulation inhibitory effects were generally short lasting (10-15 minutes) and were markedly weaker with no significant differences
among the frequencies tested.

Conclusion

This study provides first preclinical evidence of frequency-dependent modulation of bladder function in anesthetized cats, where the inhibitory influence of TNS at frequencies above 6 Hz transitioned to an excitatory effect at 2 Hz. Taken together, these findings suggest the
feasibility of using a wirelessly powered implantable device for potentially modulating bladder function in patients affected from multiple
lower urinary tract symptoms.
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Wireless Systems
Computational Model of the Effects of Kilohertz Frequency Waveform on Small Myelinated Model
Axons
Nicole Pelot; Leonel Medina, MSc1; Warren Grill, PhD1
1 Duke University

Introduction

There is growing interest in electrical modulation of the peripheral nervous system to treat a variety of diseases, as well as in kilohertz frequency (KHF) stimulation to produce conduction block. However, various KHF waveforms have been used across modeling, in vivo, and
clinical studies. Thus, we examined the effects of KHF waveform on conduction responses in small myelinated axons using a computational model.

Methods

We developed a three-dimensional model of the human abdominal vagus nerve with a cuff electrode. We applied the resulting spatial potential distributions using KHF waveforms to biophysically realistic myelinated model axons (1 to 6 um) based upon mammalian axonal
ultrastructure and ion channels. We studied three waveforms commonly used in KHF literature (rectangular, sinusoidal, and pulsed), as
well as variations on nonsymmetric and charge-imbalanced waveforms.

Results

For the rectangular and sinusoidal waveforms, the excitation and block thresholds were higher with higher frequency (5 to 20 kHz) due to
decreased phase width. Conversely, for the pulsed waveform, the thresholds were lower with higher frequency due to temporal summation. Thresholds increased when progressing from rectangular to sinusoidal to pulsed waveforms due to decreased charge per phase.
We also examined the response of a nonsymmetric waveform (Waveform 1), where the cathodic phase was 2 us longer than the anodic phase, resulting in a charge-imbalanced waveform with a non-zero mean proportional to frequency (10 to 100 kHz). As seen in other
axon models [1], the block threshold increased then decreased with frequency due to a transition from a KHF-based block mechanism
to a non-zero mean-based mechanism. To confirm these mechanisms, we examined the block threshold trend with frequency for two
complementary waveforms: symmetric/rectangular with frequency-dependent DC offsets obtained from Waveform 1 (Waveform 2) and
nonsymmetric charge-balanced (Waveform 3). Like Waveform 1, Waveform 2 produced nonmonotonic block thresholds, whereas the
charge-balanced Waveform 3 recovered the monotonic trend seen with a standard rectangular waveform.

Conclusion

Our study examined the effects of KHF waveform using a computational model of small mammalian myelinated axons. Block thresholds
increased with frequency for rectangular and sinusoidal waveforms, but they decreased for the pulsed waveform, whereas the thresholds
were nonmonotonic with frequency for waveforms with a small DC offset. These findings reveal important trends for efficacious parameter selection for implanted KHF neural stimulation devices.
[1] Zhao et al. 2015. Frontiers in Computational Neuroscience (9).
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Bioelectronic Medicine
Safe Direct Current Stimulation for the Treatment of Asthma Attack
Fei Yang, MD PhD1; Marian Kollarik, MD PhD1; Bradley Holinski, PhD PEng2; Gene Fridman1
1 Johns Hopkins University
2 GlaxoSmithKline

Introduction

Asthmatics are at high risk of dying as a result of an asthmatic attack. During this attack the small diameter afferent C-fibers and the A-efferent parasympathetic fibers in the vagus nerve mediate the activation by immune response that can cause death via reflex bronchoconstriction. If it was possible to shut down the conduction of these fibers during the attack the lethality of these attacks could be substantially reduced. We are developing a safe direct current stimulator (SDCS) neural implant that can modulate neuronal activity by using ionic
direct current (iDC) for the first time to excite, suppress, or sensitize neural tissue with extracellular potential.
Methods
In an isolated guinea pig vagus nerve preparation we tested the ability of the SDCS to reversibly suppress the nerve conduction. To test
the conduction of the vagus nerve, bipolar cuff “shock” stimulating electrode and a suction electrode for recording of compound action
potential (CAP) are placed on the proximal end and distal end of the 70 mm cervical portion of the vagus nerve respectively. The SDCS
blocking electrode was placed on the vagus nerve approximately in the middle between stimulation and recording electrode with return
electrode positioned in the preparation bath.
Supra-threshold test stimulation 50 V, 0.2 ms shock pulse was optimized to evoke maximal response on all fibers. The type of nerve fiber
blocked by the application of iDC is determined by the time-of-arrival of action potentials after the shock presentation. The magnitude of
inhibition was determined from the peak amplitude.
In the three preliminary experiments we varied the amplitude of the anodic iDC block applied to the nerve in 7 amplitude steps from 1 uA
to 30 uA for 1 minute each with 2 minutes between the applications while we periodically tested nerve conduction. We then let the nerve
recover and observed the recovery over time.
Results
Both A- and C- fibers were suppressed by the application of iDC block. The threshold for A-fiber block was 10uA and the threshold for the
C-fiber block was 15uA. The A-fiber responses were completely blocked and the C-fiber responses were blocked to 40% of their original
response amplitude at 30uA. The CAP responses for all fibers recovered to their original amplitude after 20 minutes postblock. No onset
excitation was observed in our iDC experiments.
Conclusion
Our studies provide promising evidence that iDC applied at isolated vagus nerves could induce an effective and reversible inhibition of
CAP conduction.
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Clinical Neuromodulation
Design and Testing of a 96-Channel Neural Interface Module for the Networked Neuroprosthesis
System
Autumnm Bullard1; Zachary Irwin, PhD1; Karen Schroeder, MS1; Brian Smith, BSc (Hons)2; Alex Campean, MSEE2; Parag Patil, MD PhD1; Hunter
Peckham, PhD2; Kevin Kilgore, PHD3; Cynthia Chestek, PhD1
1 University of Michigan
2 Case Western Reserve University
3 MetroHealth Medical Center

Introduction

Brain machine interfaces (BMIs) have demonstrated great potential for generating prosthetic control signals. However, current BMIs still
require transcutaneous leads connecting indwelling electrodes to recording devices outside of the body. Several fully implantable, wireless systems have been designed to improve clinical viability, but are limited by high signal bandwidth requirements. The Networked Neuroprosthesis (NNP) developed at Case Western Reserve University is a system of implantable modules that can perform many combinations of neural stimulation and recording for controlling grasp and other motor functions. The existing capabilities of the modules are not
sufficient for intracortical recording; however, the architecture was designed to accept new modules with added functionality. As an extension to the NNP, we have designed a custom module to record neural data from a 96-channel Utah array and generate command signals for grasping using low power circuitry and spiking band techniques as seen in Stark and Abeles (2007) and Irwin et al. (2015).

Methods

A six-layer printed circuit board was designed and fabricated to be compatible with the existing NNP hardware and software. The module
is designed to fit the dimensions of a 1x4 cm flexible PCB. The electronics consist of off the shelf components: primarily, three 32-channel
Intan bioamplifiers and a 32-bit Atmel microcontroller (MCU). The bioamplifiers can record from 96 channels in total with 16-bit ADC resolution. The MCU serves as the data processor and central controller, configuring amplifier settings and communicating with existing NNP
modules.

Results

Testing was performed by exercising the amplifiers, using simulated neural data from a Blackrock Neural Signal Simulator. The required
amplifier power was reduced by extracting the signal power in the 300-1kHz frequency band and using a sampling frequency of 2kSps for
each channel. Amplifying and digitizing 96 active channels used only 14.8mW. Decoding performance was investigated using neural data
previously recorded during motor and sensory experiments and resampled at 2kSps to validate the spiking band technique used to lower
power requirements in our device architecture. Using linear discriminant analysis, we performed a 1of 3 classification to predict either finger flexion (97.6% correct) or finger stimulation (97.9% correct). This suggests that extracting signal power within this band is effective for
decoding while saving significant power.

Conclusion

The device is currently undergoing preliminary bench-top testing to optimize settings and reduce power consumption. This low power
neural recording module along with the existing NNP represents a path toward a fully implantable cortical BMI system.
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Materials and Devices
Saphenous Nerve Stimulation: A Potential Therapeutic Option for Overactive Bladder Symptoms
Zainab Moazzam; Paul Yoo, PhD
University of Toronto

Introduction

Percutaneous tibial nerve stimulation (PTNS) is a minimally invasive yet effective therapy for treating overactive bladder (OAB), where
electrical stimulations are applied at 20 Hz coupled with amplitudes set below the foot-twitch threshold (T). Despite the alleviation of OAB
symptoms, not only are there patients (30%-40%) who fail to respond to PTNS, but it takes 3 months of repeated stimulation sessions to
determine the therapeutic efficacy. Interestingly, recent animal studies show that activation of bladder-inhibitory reflexes by TNS require
stimulation amplitudes ≥ 2T; far exceeding the stimulus input applied in patients. Given the close proximity of the percutaneous electrode
and cutaneous afferents present in the lower leg, we hypothesized the co-activation of saphenous nerve (SAFN) as a potential therapeutic
mechanism of clinical PTNS therapy.

Methods

To this end, we conducted 121 stimulation trials in 23 urethane-anesthetized rats where bladder function was quantified by changes in bladder contraction rate (BCR) with urodynamic fills. The objectives of this work were to (1) investigate the role of SAFN as a bladder-modulatory input, (2) characterize amplitude and frequency-dependent changes on SAFN-evoked bladder-inhibitory reflexes and (3)
determine the effect of stimulus duration on SAFN-mediated changes on urodynamic parameters. Finite durations (10, 20, and 40 minutes) of electrical pulses were applied where the stimulation frequency (2 Hz-50 Hz) and amplitude (25 μA - 100 μA) were varied at a set
pulse width of 0.2 ms.

Results

Our findings suggest that SAFN stimulation at amplitudes as low as 25 µA can effectively reduce the average BCR at all tested frequencies. Stimulations conducted at 20 Hz resulted in most consistent changes during both intrastimulation (50.2 ± 5.9 % decrease in BCR)
and post-stimulation (38.7 ± 5.9 % decrease in BCR). Higher stimulation amplitudes however, significantly decreased the inhibitory effect
at 20 Hz. Conversely, prolonged stimulation of SAFN at 10 Hz led to additional changes in contraction amplitude and voiding pressure that
led to complete inhibition of bladder activity; the effects of which lasted for an approximate period of 40–50 minutes poststimulation.

Conclusion

These novel preclinical findings suggest that direct stimulation of SAFN can elicit strong and consistent bladder-inhibitory effects during
acute and prolonged conditions. Although future work is required to further characterize the feasibility of translating SAFN stimulation, low
activation threshold and lack of unwanted motor reflexes following SAFN stimulation offer a potentially efficacious neuromodulation therapy for treating OAB symptoms.
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Peripheral Nerve Interfaces
Effective Cortical Activation With Implanted Microcoils
Shelley Fried; Seung Woo Lee, PhD
Massachusetts General Hospital

Introduction

Prostheses that target the neocortex have the potential to treat a wide range of neurological disorders but their long-term effectiveness
has been limited. While many factors contribute, the complex biological reactions triggered by implantation as well as well as the inherent lack of selectivity associated with electrodes have been particularly challenging to overcome. Magnetic stimulation from implanted
micro-coils is not similarly limited by either factor but coils small enough to be safely implanted were not thought capable of neuronal
activation. Here, we describe a new microcoil and demonstrate its effectiveness as a cortical implant.

Methods

Computational modelling was used to evaluate different coils designs and the most promising were fabricated for in vitro and in vivo
testing.

Results

Modeling revealed that even simple wire “bends” could produce electric fields that exceeded previous estimates of threshold. Such designs were fabricated onto a silicon substrate (50x100 µm cross section) and reliably activated layer 5 pyramidal neurons in vitro (mouse
brain slices). Consistent with modeling results, only those coil orientations that induced a strong electric field gradient along the length of
targeted neurons were effective; orthogonal orientations were not effective even for prolonged stimulation. Also, the narrow spatial profile
of induced fields limited activation to only those pyramidal neurons within 100 µm of the coil. Insertion of coils into whisker (motor) cortex
in vivo led to reliable whisker movements that were consistent with previous electrode-based studies, e.g., the direction of movement was
frequency dependent (protraction for low frequencies and retraction for higher frequencies). Coil-based activation required higher levels of
current than those reported for electrodes (~750 vs. 2µA) but coil impedances were much lower (~15 vs. 500,000 Ω) and therefore peak
power levels for coils were well within the range reported for electrodes.

Conclusion

The new microcoil was comparable in size to existing implants and could reliably drive neuronal circuits. The orientation selectivity observed in vitro suggests that during in vivo implantation vertically-oriented pyramidal neurons are activated while horizontally-oriented passing axons are avoided and therefore suggests that the spatial extent of elicited activity is better confined with coils. This feature will be particularly useful for applications that require high resolution such as visual prostheses. In addition, the high permeability of
magnetic fields to biological materials suggests that coil efficacy will not diminish following implantation, e.g., if they become severely
encapsulated.
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Neural Prosthesis
Topographical Approaches for Improved Neural Electrode Biocompatibility
Evon Ereifej; Cara Smith, undergraduate research assistant; Seth Meade, BS; Keying Chen, undergraduate; Jeffrey Capadona, PhD
Case Western Reserve University/Veteran Affairs Medical Center

Introduction

Intracortical microelectrodes (also known as brain-computer interfaces [BCI]) have the potential to mitigate the effects of and treat and
understand neurological diseases, injuries, and disorders of the central nervous system (CNS) and peripheral nervous system (PNS). A
major hurdle to the clinical deployment of microelectrode technologies is recording instability caused by the lack of integration with the
native tissue. The initial insertion of these electrodes causes a cascade of inflammation, which leads to a chronic foreign body response
and encapsulation of the electrode. Signals recorded from these implanted electrodes get distorted over time due to high noise resulting from the inflammatory reaction to these implants. It is crucial to understand that the in vivo environment is not smooth, in contrast to
the currently accepted and used intracortical microelectrodes. In vivo conditions comprise of cells living in the extracellular matrix (ECM)
meshwork with three-dimensional (3D) and high aspect ratio topographical textures. The 3D environment allows cells to have mechanical
signaling from the topographical cues which will allow them to perform their specific functions. Therefore, the current study investigates
the effects of nanoscale surface modifications, similar to the native in vivo environment, on reducing the microglia/macrophage activation
and astrocytic encapsulation.

Methods

Ion beam etching was utilized to create nanoscale topographical features onto nonfunctional, Michigan-style silicon shanks. Sprague
Dawley rats were implanted with topographically modified and nontopographically modified (control) silicon shanks for 2 weeks. Transverse sections of cortical tissue were used for immunohistochemical (IHC) staining for the assessment of astrocytic encapsulation and
microglia/macrophage activation.

Results

Rats implanted with topographically modified shanks had less microglia/macrophage activation around the implant site compared to control, nontopographically modified shanks. In contrast, slightly more astrocytic encapsulation was observed around the implant site with
topographically modified shanks compared to the control.

Conclusion

Nanoscale topographical modifications on Michigan-style implant shanks result in less microglia/macrophage encapsulation, but
slightly more astrocytic encapsulation around the implant sight compared to control shanks. These results suggest that the astrocytes
are attracted to the topographical modifications, and perhaps play a role in ramifying the microglia around the implant sight.
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Brain Computer/Machine Interface
Pathway Discrimination in Peripheral Nerve Recordings Using Spatiotemporal Templates: A Simulation Study
Ryan Koh1; Adrian Nachman, PhD2; José Zariffa, PhD1
1 University of Toronto; Toronto Rehabilitation Institute—UHN
2 University of Toronto

Introduction

Neuroprostheses are artificial systems that interface with the nervous system in order to restore function. Implanted functional electrical
stimulation has been used to restore some movement after paralysis due to spinal cord injury, but current implementations of this technique use only predefined stimulation patterns and thus can only produce coarse movements. Feedback control signals are needed for
these applications, and could be obtained by extracting sensory information from the peripheral nervous system. This study focused on
improving the ability of multicontact nerve cuff electrodes to selectively record from different neural pathways within a peripheral nerve.
We explored the combination of spatial and temporal information from a multicontact nerve cuff electrode to discriminate the bioelectric
activity of different neural pathways in the peripheral nerve. We propose that the combination of temporal features (ie, conduction velocity) and spatial features (ie, spatial signature across contacts) could be used to form spatiotemporal templates that can be used for spike
detection and spike classification.

Methods

Simulated recordings were generated, corresponding to three different neural pathways in a rat sciatic nerve, with varying locations and fibre types, for a range of signal-to-noise ratios. The cylindrical nerve cuff configuration used in the simulations contained 7 rings of 8 contacts. For each pathway, a spatiotemporal template was constructed based on training data, and then used to create a matched filter. The
outputs of the matched filters were used to discriminate between pathways. Performance was evaluated using the classification accuracy, percentage of missed spikes, and ability to reconstruct the original firing rates of the neural pathways. Our results were compared
against the Bayesian Spatial Filters (BSF) and Velocity Selective Recording (VSR) methods.

Results

The mean classification accuracies in the case when neural pathways were in different fascicles and had different fibre types were found
to be 85.0% ± 14.6%, 19.9% ± 17.7%, and 35.1% ± 24.6% for our algorithm, BSF and VSR, respectively. Similarly the mean classification accuracies in the case when neural pathways were in the same fascicle and had different fibre types were found to be 85.5% ± 13.1%, 18.2%
± 14.8%, and 35.0% ± 23.2% for our algorithm, BSF and VSR, respectively.

Conclusion

These results demonstrate that the proposed method based on spatiotemporal templates was able to provide more reliable pathway discrimination than existing algorithms, and that the incorporation of spatiotemporal information improves the ability to differentiate between different neural pathways.
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Peripheral Nerve Interfaces
Neuronix Enables Continuous, Simultaneous Neural Recording and Electrical Stimulation
Zhi Yang
University of Minnesota

Introduction

Electrical stimulation has been used for probing neural circuitry and identifying networks of neurons. Despite its extensive use, the mechanism of action of electrical stimulation on the nervous system remains poorly understood. It requires concurrently monitoring the neural activity at the same time to investigate of the behavior of neural populations. However, with current electrical stimulation and recording
technologies reported in the literature, it is not possible to “talk to the brain” and “hear from the brain” at the same time. In this study, we
present a new technology for simultaneous neural recording and electrical stimulation and data from in vivo experiments.
Methods
We make contributions from two aspects, 1) a new technique and device that allows recording and microstimulation at the same time instead of one impeding the other. 2) A new methodology that supports ultra-large-scale recording and precise neuromodulation. We are integrating these innovations into a Neuronix system, a next generation brain technology.
Results
Neuronix has several advanced features, for example, 1) continuous, full-duplex simultaneous neural recording and stimulation. To the
best of our knowledge, no other device available today that can perform such experiments. 2) Fully-integrated scaling strategy where the
size of the implantable electronics is not increased with the channel count, allowing ultra-large-scale recording and stimulation. 3) A new
design that could suppress electrode noise and has been verified in animal experiments thus can support high impedance electrodes.
We have obtained data from in vivo experiments to support these features and to demonstrate closed-loop, precise neuromodulation.
Conclusion
We report a new Neuronix technology that allows continuous, simultaneous neural recording and electrical microstimulation. In vitro and
in vivo experiments have been performed and careful analyzed to validate new features. Neuronix enables bidirectional communication
with the brain circuits and new experiments towards a better understanding of the impact of microelectrical stimulation. We envision the
technology applies to a wide spectrum of neurological diseases through closed-loop neuromodulation.

Figure 1. Left, a beta version Neuronix validated in animal experiments at the University of Minnesota.
Middle, continuous neural recording and electrical stimulation. The stimulation current was 1ms, 32μA
(tested from 1-64μA), and monophasic. The recording was performed from an electrode that was 100μm
away from the stimulation electrode. Right, example neural spike clusters under electrical stimulation (up)
and a proof-of-concept demonstration of altering neuronal firings in closed-loop through simultaneous
recording, stimulation, and processing (bottom). X axis, time; Y axis, firing rate.
For more information, please refer to http://yanglabumn.com/.
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Bioelectronic Medicine
Rapidly Reversible Behavioral Arrest During Fasciculus Retroflexus Deep Brain Stimulation in a
Healthy Nonhuman Primate
Jonathan Baker1; Jae-Wook Ryou, PhD; Christopher Butson, PhD; Nicholas Schiff; Keith Purpura, PhD
1 Weill Cornell Medicine

Introduction

Sometimes the best response is none at all. Rapid cessation of purposeful movement is frequently observed when a stimulus-response
pair is associated with an aversive outcome, for example a lower than expected reward, or a painful or threating stimulus. Behavioral arrest of ongoing movement is a general strategy for survival in all vertebrates and is proposed as one of the primary functions of the lateral
habenula, an evolutionarily conserved epithalamic structure that integrates broad cortical and subcortical inputs to modulate monaminergic midbrain structures that regulate motivation and motor outflow. The primary descending output of the habenula, the fasciculus retroflexus, is robust fiber bundle that traverses the parafascicular nucleus, part of the centromedian-parafascicular (CM-Pf) complex and the
caudal component of the central thalamus. This pathway directly and indirectly innervates dopaminergic and serotonergic regions of the
midbrain and dysfunction of the habenula has been linked to specific symptoms of psychiatric conditions, including depression, schizophrenia and addiction.

Results

In a study designed to systematically explore behavioral and physiological effects of central thalamic deep brain stimulation (CT-DBS) in
healthy and behaving adult nonhuman primates, we discovered that DBS of the fasciculus retroflexus (fr-DBS) induces a rapidly reversible
behavioral syndrome consisting of global akinesia, conjugate slow drifting eye movements, periodic facial and upper skeletal atonia, a lack
of normal response to aversive stimuli and sleep-like episodes. During fr-DBS, a consistent temporal order of the above behavioral effects
was tightly correlated with enhanced cortical beta and theta band oscillations. Following fr-DBS offset, consistent stereotypical dyskinesias of the upper and lower limbs and rapid conjugate ‘non-purposeful’ eye movements were observed prior to the resumption of goal-directed behavior. These results support the hypothesis that the habenula, through the fasciculus retroflexus, regulates purposeful movement and sleep/wake activity in the primate brain as in many other vertebrate species and may provide insight into the dysfunction of the
habenula, as implicated in several human psychiatric disorders.

Conclusion

In addition, the marked enhancement of beta-band (15-25Hz) spectral power recorded across the global ECoG array and LFPs recorded
within frontal cortex and medial thalamus bear strikingly similarities to the symptoms and EEG signal abnormalities observed in human
subjects suffering from basilar migraine with exception of immediate cessation upon fr-DBS offset. The robust and reproducible effects
reported here may provide a mechanistic insight into this rare syndrome.
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Deep Brain Stimulation
Interactive Meshing and Simulation of Deep Brain Stimulation With Patient Specific Models
Andrew Janson1; Jonathan Baker2; Nicholas Schiff2; Keith Purpura2; Christopher Butson, PhD3
1 Scientific Computing and Imaging Institute
2 Weill Cornell Medical College
3 University of Utah

Introduction

Deep brain stimulation (DBS) is an effective therapy for movement disorders such as Essential Tremor and Parkinson’s disease and is a
potential therapy for several other disorders. DBS is becoming more complex: novel lead designs are being introduced with directional
electrode contacts, and in some cases multiple leads are being implanted in close proximity in a single subject. Finite element bioelectric
field models have been used successfully to predict the effects of DBS, but until now these have been time-consuming and computationally costly to generate. We have developed Virtual DBS: an interactive system to simulate and visualize the effects of DBS in patient specific models for arbitrary electrode geometries and configurations of anodes and cathodes.

Methods

Virtual DBS uses an image processing pipeline has been developed to incorporate structural MRI and diffusion weighted imaging (DWI)
into an interactive, patient specific model of DBS. The DWI data is used to estimate brain tissue conductivity. Multiple DBS leads can be interactively placed inside of the patient model; boundary conditions can be applied to simulate anodes and cathodes. Changing the lead
position or trajectory triggers the generation of a new finite element mesh and solution of the bioelectric field problem.

Results

The Virtual DBS system can produce a finite element mesh, solve the bioelectric field problem, postprocess data, and visualize the results
in under 10 seconds. Users are able to move the DBS lead within the patient model and can rapidly explore different stimulation parameters to predict the effects of DBS on surrounding nuclei and fiber tracts. This tool also allows for the placement of multiple leads within
a single hemisphere to allow for current steering by varying the anodes and cathodes on each lead. For example, Figure 1 shows current
steering with three leads and the activating function on target fiber pathway calculated from the tripolar electric field.

Conclusion

We anticipate that this simulation tool will enable interactive exploration of DBS effects within and among subjects. Further, we anticipate
that a combination of modeling and postoperative clinical analysis will elucidate the mechanisms of DBS in ways that were not previously possible.

Figure 1. Current steering in a tripolar field, one cathode and two anodes each on a different
DBS lead, and estimation of the activating function on a target neuronal pathway.
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Deep Brain Stimulation
MEG-based Neurofeedback for Grasp Rehabilitation after Cervical Spinal Cord Injury
Stephen Foldes1; Douglas Weber, PhD2; Jennifer Collinger, PhD2
1 VA Pittsburgh Healthcare System; University of Pittsburgh; Barrow Neurological Institute at Phoenix Children’s Hospital
2 University of Pittsburgh

Introduction

People can learn to volitionally modulate their cortical activity if they are provided feedback of their brain signals. Plasticity that follows
neurofeedback training could be used to improve motor function in individuals with paralysis (e.g., strengthening intact corticospinal pathways after incomplete spinal cord injury). We evaluated a brain-computer interfacing (BCI) system to provide feedback of motor-related
brain activity in a biologically-relevant and intuitive way as a potential rehabilitation therapy for individuals with hand paralysis.

Methods

Magnetoencephalography (MEG) data were acquired in real-time to provide feedback of sensorimotor rhythm (SMR) activity generated by
attempted hand grasping. To provide neurofeedback, the spectral power over the contralateral sensorimotor cortex was mapped to the
control of the grasp aperture of a stop-motion video of a human hand that incrementally closed or opened every 50 ms based on the mu
and beta rhythms continuously detected. During brain control, a decrease in SMR-power produced from the participant’s attempted grasp
of their own impaired hand drove the stop-motion video towards grasp. This natural and direct command of grasp was intended to further
strengthen the causal relationship between intention and feedback.

Results

Eight (8) individuals with partial or complete hand paralysis performed up to 200 trials during which they moved and held the virtual hand
to a target state for a given amount of time using only their brain signals. The task was made more difficult to encourage plasticity by increasing the hold time to maintain a success rate between 50% and 75%. Participants were able to successfully reach grasp-targets with
a fixed 500 ms hold-time in 2.55 ± 0.3 s (mean ± sd) while achieving significant success rates of 62 ± 6%.

Conclusion

This study demonstrated the utility of a BCI system to provide realistic, efficient, and focused neurofeedback to individuals with paralysis.
We are now investigating how the neural signals changed during neurofeedback learning. We hope the development of similar neurofeedback systems will one day impact rehabilitation by promoting therapeutic plasticity within the brain.
Supported by the Department of Veterans Affairs, Office of Research and Development, Rehabilitation Research & Development Service
(Grants #B7143R and RX00146-01A1), VISN 4 Competitive Pilot Project Fund, and Craig Neilsen Foundation. Its contents are the responsibility of the authors and do not necessarily represent the view of the Department of Veterans Affairs or the United States Government.
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Neuroplasticity and rehabilitation
Blueprint for Implantable Brain Computer Interfaces Made of Commercial Off-the-Shelf
Components
Christian Bentler; Sebastian Stoecklin, MSc; Thomas Stieglitz
University of Freiburg

Introduction

Implant technology has created a vast amount of sophisticated ICs and diverse approaches for bidirectional biosignal interfacing system. There are many highly integrated systems based on customized components. Systems based on off-the-shelf components were proposed as well. However, neuroscience researchers often lack access to or budget for highly integrated solutions and systems based on
off-the-shelf components are often clumsy and feature comparable low channel counts. Here, a basis for wireless neural interfacing systems small enough for chronic implantation while featuring channel counts of 64+ is presented which can be built solely with commercial off-the-shelf components, enabling a cost and time efficient fabrication of implants for neural recording and stimulation. Feasibility is
demonstrated with a fully functional demo system.

Methods

Different parts for the subsystems (power supply, controlling, data transfer, recording, stimulation) were examined and potential components evaluated. After coarse preselection, test systems were designed and assembled. To verify functionality and investigate possible interferences between the subsystems, a combined sample system was built and its performance reviewed. To test crosstalk of inward and
outward data link bit error rates were monitored while spacing between coils was modified. Power consumption of the implant during operation was recorded by replacing the inductive power supply by a benchtop power supply. To check functionality of recording an arbitrary
function generator was used. Stimulation was tested by adding different loads between ground and corresponding channels.

Results

For recording biosignals RHD2164 (31 mm², Intan Technologies, 64 channel up to 10kSamples/s/chn., 16bit resolution) proved to be feasible solution. Current controlled stimulation was exemplary realized with a combination of a current sink/source (~29 mm², +-20 mA, 16bit resolution) and multiplexers (36 mm², 16:1, +-22V). Power supply was realized via an inductive coupling. For inward communication
Amplitude-shift keying with ~0.4 MBit/s was implemented and outward 4.2 MBit/s via Phase-shift keying were achieved, requiring only
one small second coil, capacitor and resistor respectively. Together with a FPGA (LCMXO3L-1300E, 6.25 mm², LatticeSemi) the bidirectional 64-channel sample system was realized with a total footprint of 417 mm². Without stimulation 183 mm² is possible. Concurrent inward and outward communication, stimulation as well as recording were successfully tested. The demo implant consumed around 150300 mW during operation.

Conclusion

Based on this work, cost efficient bidirectional biosignal interfacing implants with satisfactory footprints can be realized and adapted in
fast development cycles to fit the needs of neuroscience research community.
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Brain Computer/Machine Interface
Spinal Cord Stimulation in Sheep Models of Chronic Neuropathic Pain and Spinal Cord InjuryInduced Spasticity
John Miller1; Chandan Reddy, MD1; Saul Wilson, MD1; Kingsley Abode-Iyamah, MD1; Nicole DeVries Watson, PhD1; Douglas Fredericks, BS1;
George Gillies, PhD2; Michael Johnson, PhD3; Timothy Brennan, MD PHD1; Matthew Howard III MD1
1 University of Iowa
2 University of Virginia
3 Northwestern University

Introduction

Chronic pain and spinal cord injury (SCI) are debilitating health problems that combined affect tens of millions of people worldwide. In order to further our understanding of these conditions—and eventually improve clinical care—large animal models are necessary to fill the
translational research gap that currently exists between small animal models (eg, rat and mouse) and clinical trials. Our laboratory is developing separate models of these two conditions in sheep with the intent of investigating the therapeutic effects and mechanisms of spinal cord stimulation. The sheep’s similar anatomic scale to humans and its ability to perform various behavioral tasks make it the best
available large animal model for investigating the clinical relevance of spinal cord stimulation.
Methods
Spinal cord stimulation (SCS) was performed via implantable Medtronic pulse generators and paddle-type epidural electrodes. The neuropathic pain model was established through chronic constriction of the common peroneal nerve. The behavioral and neurophysiological
manifestations of pain were measured through von Frey filament testing, gait analysis, and terminal dorsal horn recordings. The von Frey
withdrawal thresholds were measured daily after nerve injury both with and without constant 40 Hz SCS. A weight drop contusion was
used to induce SCI. Behavioral and neurophysiological data collected from gait analysis, chronically implanted electromyography (EMG)
electrodes, stretch reflex, and h-reflex tests were collected pre and post-SCI in order to characterize the onset and severity of spasticity.
Results
Constriction of the peroneal nerve resulted in a neuropathic pain condition that persisted longer than 100 days post injury and could be
modulated via spinal cord stimulation. In particular, we observed that epidural stimulations from 0.1 to 0.5 V result in an apparent increase
in von Frey filament withdrawal thresholds as well as a decrease in spontaneous activity recorded from neurons in the dorsal horn. With
regard to the SCI spasticity model, in the animal with one of the most severe injuries, spinal cord stimulation during treadmill ambulation
modulated gait metrics towards their pre-injury values. EMG recordings revealed the proper out-of-phase firing of antagonistic muscle
groups during pre-injury gait recordings.
Conclusion
We have developed large animal (sheep) models of neuropathic pain and spinal cord injury-induced spasticity. The animals’ injuries resulted in chronic conditions that were studied with a range of behavioral and neurophysiological techniques. The establishment of these large
animal models is necessary for improving the field of spinal cord stimulation research and its clinical relevance.
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Bioelectronic Medicine
Developing a Three-Dimensional Atlas of Intraspinal Microstimulation-Evoked Muscle Activity in a
Swine Model.
Jonathan Calvert, BS; Peter Grahn, PhD1; Aldo Mendez, MD1; Kevin Bennet, BSChE MBA1; Igor Lavrov, MD PhD1; J. Luis Lujan, PhD1; Kendall
Lee, MD PhD1
1 Mayo Clinic

Introduction

Paralyzed spinal cord injury (SCI) patients have shown the ability to generate voluntary step-like movements via electrical spinal stimulation. To facilitate development of new spinal cord stimulation technologies that can be rapidly translated to the clinic, we previously developed a large animal model of spinal stimulation using swine, which have similar spinal anatomy to humans. However, the intervertebral
and intraspinal locations of motor pools that drive muscle activity responsible for limb function need to be elucidated before this model
can be used to develop technologies for functional restoration. Therefore, we set out to establish a three-dimensional atlas of spinal stimulation-evoked muscle responses in the swine hind limbs.

Methods

Swine (n=6 female) hind limb flexion, extension, abduction, and adduction movements were evoked using intraspinal stimulation (50 Hz, 2
s, 200 μA) at different depths, separated by 250 microns, and following a dorsoventral implantation trajectory. During stimulation, electrical activity from the biceps femoris, gastrocnemius, gluteus medius, gracilis, tibialis anterior, and soleus muscles was recorded using intramuscular electromyography (EMG). Spatial mapping of muscle activation was achieved by co-registering subject-specific post-mortem magnetic resonance imaging (MRI), computed tomography (CT) scans, and stereotactic electrode coordinates in a single coordinate
system.

Results

Stimulation-evoked muscle activity varied as the electrode was advanced into ventrally-located motor regions of the spinal cord. The recorded activation as a function of depth and trajectory proceeded in a graded pattern for individual muscles. Co-registration of the CT and
MRI scans allowed characterization of the stimulation locations with respect to the white and gray matter regions of the spinal cord in a
single coordinate system across animals.

Conclusion

This work represents our initial efforts to establish a high-resolution functional map of instraspinal stimulation-evoked hind limb muscle
activity. This functional atlas will allow target selection based on both anatomical structures and functional regions to allow precise stereotactic delivery of intraspinal electrodes for targeted activation of hind limb muscles, and provides preliminary steps towards closedloop control of stimulation to generate stepping in paralyzed spinal cord injury patients.
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Models and Stimulation Paradigms
A Multichannel System for Controlling Neurochemical Activity in the Nonhuman Primate Brain
Erika Ross, PhD; Hoon-Ki Min, PhD; Hang Joon Jo, PhD; Shin Ho Cho, PhD; Megan Settell; Christopher Kimble, MA BSEE; Malcolm McIntosh,
MS; Josh Boesche, BS Computer Engineering & MBA; Diane Eaker, MSEE; Charles Blaha, PhD; Kendall Lee, MD PhD; Kevin Bennet, BSChE
MBA
Mayo Clinic

Introduction

Deep brain stimulation (DBS), despite having an unknown mechanism, has proven to be an effective neurosurgical treatment for Parkinson’s disease, dystonia, essential tremor, and several neuropsychiatric disorders. Advances in real-time electrochemical detection have
provided rare insight into neural activity and a powerful method to observe physiological effects arising from DBS. Using this technology,
we tested the hypothesis that subthalamic nucleus (STN) DBS-evoked dopamine release depends on the precise location of the stimulation site in the STN and site of recording in the nonhuman primate basal ganglia.

Methods

We have developed the Wireless Instantaneous Neurochemical Concentration Sensing (WINCS) Harmoni system to simultaneously stimulate and record neurochemical changes in the mammalian nervous system. WINCS Harmoni incorporates a configurable and synchronizable isolated neurostimulator, microprocessor, and four-channel integrated circuit for simultaneous neurochemical measurements
during DBS. Here, we used WINCS Harmoni to stimulate the STN and record electrochemical changes in several regions within the basal
ganglia. We conducted DBS with miniature, scaled-to-animal size, multi-contact electrodes and used functional magnetic resonance imaging (fMRI) to identify the optimal dopamine recording site in the brains of nonhuman primates (Rhesus macaques) (n=3), which are highly
representative of human brain anatomy and circuitry.

Results

Using WINCS Harmoni, we monitored real-time stimulation-evoked dopamine release with in vivo fast scan cyclic voltammetry in various
basal ganglia structures identified using fMRI. We found a spatial distribution in which the magnitude of DBS-evoked dopamine release
increased as the stimulation site moved in a lateral and posterior direction. Specifically, dopamine release maximized in the fMRI targeted sites in both the caudate and putamen when stimulating the dorsolateral posterior border of the STN. Although tested here in the intact brain, these findings suggest that STN DBS does evoke dopamine release, but that its concentration varies with the stimulation site.
Here we demonstrated that STN DBS-evoked dopamine release can be modulated through subtle changes in the STN stimulation site and
parameters.

Conclusion

WINCS Harmoni provides a platform for sophisticated real-time control over circuit level dynamics during DBS. We have demonstrated that DBS coincides with changes in dopamine neurotransmitter release in the basal ganglia. Importantly, this study shows that DBSevoked dopamine release in the basal ganglia can be modulated depending on stimulation site and stimulation parameters. Taken together, our results support the exciting possibility for electrochemical detection as the sensor component of a closed-loop feedback DBS
system.
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Deep Brain Stimulation
Spatial Characterization of Stimulation-Induced Neuronal Activity Around a Chronically Implanted
Thalamic Deep Brain Stimulation Array
YiZi Xiao, BS; Matt Johnson
University of Minnesota

Introduction

There is a strong clinical need for implantable deep brain stimulation (DBS) lead designs that allow for better steering of electric fields
within the brain, especially in cases where stimulation through a misplaced DBS lead results in low-threshold side-effects. Radially segmented DBS arrays (DBSAs) have potential to rescue therapy in such cases, but the electrophysiolgical effects of directing current within
the brain through these arrays remain relatively unexplored. In this study, we have investigated how stimulation amplitudes affect the firing rate and pattern changes of thalamic neurons around a DBSA.

Methods

A DBSA with 8 rows of 4 radial contacts was implanted in the motor thalamus in a nonhuman primate. A single row of contacts was selected where each contact performed 3 sets of 100 Hz stimulations at 350 µA, 250 µA and 150 µA. Microelectrode recordings were made
in a grid pattern around the DBSA collecting 30s of pre-DBS/DBS/post-DBS data. Peri-stimulus time histograms were created for all 3 periods. Changes in neuronal responses between the DBS and pre-DBS periods were grouped into nine categories based on firing pattern
modulation (FPM) and change in firing rate. An entropy-based method was used to quantify the degree of FPM and determine instances
of significant modulation.

Results

Results are as follows: (1) 11/85 (12.94%) recorded cells showed significant FPM under DBS. (2): 26%, 22%, and 19% of all recordings under 350µA, 250µA, and 150µA stimulation were significantly modulated in some way. (3): Cells that showed firing pattern or rate modulation were sparsely distributed and were not confined to regions in the immediate proximity of the DBSA. (4) However, increased stimulation amplitude induced greater change in firing pattern (ie, increased regularity) in the subgroup of cells that showed significant FPM under at least one stimulation amplitude. (5) Interestingly, only 3.25% (±3.8%) of DBS pulses produced a phase-locked spike in cells with a
significant excitatory FPM. DBS also suppressed 81% ± 4.44% of phase-locked spikes for inhibitory FPMs.

Conclusion

While computational models often predict uniform modulation of neuronal spike activity around a DBS lead, this study demonstrates that
the volume of neuronal modulation is in fact sparsely represented. Moreover, while neuronal activity becomes time-locked to DBS, only a
very small fraction of stimulus pulses actually result in a phase-locked spike. This work will help inform the next generation of computational models of DBS and provide insight for future implant designs.
Funding: NIH R01 NS081118
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Deep Brain Stimulation
Quantification of Beta Oscillatory Activity in the EEG With Progression of Parkinson’s Disease
Christina Behrend1; Derek Schulte, BSE1; Brian Mace2; Lisa Gauger, BA2; Brad Kolls, MD PhD MMCi2; Warren Grill, PhD3
1 Duke University
2 Duke University Medical Center (DUMC)
3 Duke University & DUMC

Introduction

Dopaminergic cell death in Parkinson’s disease (PD) results in the emergence in cortical-basal ganglia (CBG) circuits of synchronized, oscillatory neural firing patterns in a 13-30Hz frequency band—the beta band—that appear correlated with bradykinesia. However, how beta
band oscillations (BBO) relate to symptom severity and progression is not understood. Our objective was to use EEG to determine how
BBO vary with disease severity and progression in persons with PD.
Methods
We recorded EEG in fifteen PD patients of varying disease severity and duration after overnight abstinence from PD medication. We recorded EEG at rest (eyes open and closed) and while patients performed various hand motor tasks. These tasks included one-handed and
two-handed isometric grip and rapid open/close movements. For each EEG channel data-stream for each patient we calculated the total
percent of spectral power in the beta band (βP) with respect to movement state. We used stepwise regression to predict UPDRSIII scores
from the normalized βP values calculated for each channel during the ‘Eyes Open Rest’ state. We assessed the relationship between UPDRSIII score and cortical coherence using linear regression. Repeated measures (RM) ANOVA and post-hoc Tukey HSD tests were used to
assess all other outcome measures.
Results
Across subjects, a significant regression equation to predict UPDRSIII score from normalized βP values calculated from particular channels in the ‘Eyes Open Rest’ state was found (F(12,2)=1078.83, p=0.0009) with an R2 of 0.9998. Only channels that were significant predictors (p<0.05) were included. These predictors predominantly included channels spanning pre-motor, motor, and sensory regions. We conducted a two-way RM-ANOVA to compare the effects of motor task and channel and the interaction effect between task and channel on
normalized βP values. We found an effect of channel (F(18,252)=2.47, p=0.001) and a significant interaction between task and channel
(F(90,1260)=1.707, p<0.001). A one-way RM-ANOVA for channel grouped by task found a significant effect of channel for right isometric
grip, left open/close, and bilateral open/close tasks (p<0.001; p=0.0022; p=0.0163). For these tasks, post-hoc Tukey’s tests revealed that
channels in some pre-motor and/or motor regions demonstrated higher normalized βP values than channels in some occipital and/or parietal sensory regions. Significant, positive correlations between UPDRSIII score and coherence in the beta band occurred between electrodes spanning pre-motor-motor and motor-somatosensory cortical areas.
Conclusion
Our data suggest that beta band power in pre-motor, motor, and sensory brain regions at rest may be a marker for degree of motor
impairment.
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Clinical Neuromodulation
Long-Term Stability of Stimulating Multicontact Nerve Cuff Electrodes on Human Peripheral Nerves
Breanne Christie; Max Freeberg; Kevin Foglyano, BSE; Michael Miller, MS; Lee Fisher, PhD; Dustin Tyler, PhD; Ronald Triolo, PhD

Introduction

Nerve cuff electrodes (NCEs) have been applied to femoral nerves to evoke hip and knee movements in motor system neuroprostheses for standing and stepping after paralysis [Fisher 2008]. The purpose of our study was to determine the chronic stability of multicontact NCEs in human neuroprosthesis recipients in terms of charge threshold, joint moment, and selectivity for multiple years after
implantation.

Methods

Stimulation was delivered via four-contact spiral NCEs, implanted bilaterally on the femoral nerves of two volunteers with SCI 5-6 years
ago. Repeated stimulated responses were measured with a 6-DOF load cell on a dynamometer, with the knee fixed at 20° of flexion while
pulse width-modulated twitch recruitment curves were generated for every contact. Pulse widths were between 0-255 μs and amplitude
was 0.8-2.1 mA. Mean maximum and just noticeable twitch moments (10% maximum) were derived from Gompertz models fit to the
data. Charge threshold was defined as the minimum charge required at each contact to produce a just noticeable twitch moment. Linear regression was utilized to quantify change in moment and charge threshold over time. Two contacts that elicited adverse sensation in
Subject 2 were removed from analyses. Selectivity is being quantified by repeatedly determining the optimal stimulation parameters that
produce the largest moments while minimizing overlap in muscle recruitment [Fisher 2013].

Results

The mean maximum twitch moment across all contacts was 0.10 + 0.01 Nm/kg for Subject 1, and 0.12 + 0.02 Nm/kg for Subject 2. Between both subjects, the moment produced by 11/14 contacts exhibited no change over time, while the remaining three decreased
(p<0.05) to 36.68 + 3.74% of the original moment. Activating multiple contacts simultaneously produced tetanic moments 4x the
0.135Nm/kg needed to stand [Kagaya 1998]. Average charge threshold across all contacts was 78.16 + 44.8 nC for Subject 1 and 42.15 +
2.66 nC for Subject 2. Seven contacts showed no change in charge threshold over time, 5/14 exhibited a significant decrease, and 2/14 increased (p<0.05). One contact in Subject 1 increased by 83.3nC between the first and last session, and one contact in Subject 2 increased
by 31.2 nC. Even the highest threshold was well within safe levels multiple years after implantation.

Conclusion

The stimulated responses of NCEs in terms of twitch recruitment and charge threshold appear to be consistent and stable for up to 6
years after implantation in two human subjects. As muscles strengthen and contractile properties change, stimulus parameters may need
periodic re-optimization at intervals that are being determined in ongoing analyses of stability of selectivity.
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Neural Prosthesis
Particle Swarm Optimization for Programming Deep Brain Stimulation Arrays
Edgar Pena1; Simeng Zhang, BS; Steve Deyo, BEng; YiZi Xiao, BS; Matthew Johnson, PhD
1 Diversity Travel Award winner

Introduction

Deep brain stimulation (DBS) therapy relies on both precise neurosurgical targeting and systematic optimization of stimulation settings
to achieve beneficial clinical outcomes. One recent advance to improve targeting is the development of DBS arrays (DBSAs) with electrodes segmented both along and around the DBS lead. However, increasing the number of independent electrodes creates the logistical challenge of optimizing stimulation parameters efficiently. Solving such complex problems with multiple solutions and objectives is
well known to occur in biology, in which complex collective behaviors emerge out of swarms of individual organisms engaged in learning
through social interactions.

Methods

Here, we developed a particle swarm optimization (PSO) algorithm to program DBSAs using a swarm of individual particles representing
electrode configurations and stimulation amplitudes. Using a finite element model of motor thalamic DBS, we demonstrate how the PSO
algorithm can efficiently optimize a multi-objective function that maximizes predictions of axonal activation in regions of interest (ROI, cerebellar-receiving area of motor thalamus), minimizes predictions of axonal activation in regions of avoidance (ROA, somatosensory thalamus), and minimizes power consumption.

Results

The algorithm solved the multi-objective problem by producing a Pareto front containing a range of solutions. ROI and ROA activation predictions were consistent across swarms (<1% median discrepancy in axon activation). The algorithm was able to accommodate for (1)
lead displacement of 1 mm with relatively small changes in ROI and ROA activation (within 9.2% of ROI and 1% of ROA irrespective of shift
direction); (2) reduction in maximum per-electrode current (by 50% and 80%) with ROI activation decrease by 5.6% and 16%, respectively; and (3) disabling 3 or 12 electrodes with ROI activation reduction by 1.8% and 14%, respectively. Additionally, comparison between PSO
predictions and a multi-compartment axon model simulation showed discrepancies of <1% between approaches.

Conclusion

The PSO algorithm provides a computationally efficient way to program DBS systems especially those with higher electrode counts.
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Deep Brain Stimulation
Advanced Stimulation Patterns for Directional Activation in DBS
Julia Slopsema; Lauri Lehto; Matthew Johnson, PhD; Olli Grohn, PhD; Shalom Michaeli, PhD
University of Minnesota

Introduction

Pulse patterns used in deep brain stimulation (DBS) therapy are thought to induce nonspecific axonal activation surrounding the active
electrodes. Given the proximity of active electrode contacts to regions implicated in side effects of DBS, there is a need to develop more
selective stimulation approaches. Here, we introduce two novel spatiotemporal approaches based on “rotating electric fields” used for
enhancing orientation selectivity of axonal activation. We evaluate these rotating field approaches using computational models of DBS
across a range of axonal orientations using (1) a triangular electrode configuration and (2) a standard 4-channel DBS lead.

Methods

Computational tissue conductance models were developed using COMSOL and coupled with multicompartment axonal models in NEURON to estimate axon activation thresholds for each electrode configuration. The first configuration consisted of three 100 µm disc electrodes arranged as a regular triangle in a plane parallel to the axon models. The stimulation parameters consisted of 20 Hz biphasic
square pulses with amplitudes that followed a sinusoidal waveform with phase offsets of 2π /3 amongst the adjacent electrodes. Activation thresholds were calculated for axons 0.25 and 0.5 mm from the active electrodes and with 12 orientations around the centroid of the
electrodes. The second configuration tested in this study applied 1 kHz sinusoids with phase offsets of 2π/3 to three cylindrical contacts
along a 4-channel DBS lead. Axonal activation thresholds were found for 12 axon orientations around the central axis of the DBS lead and
at a distance of 1 mm from the lead.

Results

The tripolar stimulation paradigm showed orientation-selective activation: axons parallel to the electric field were activated with the lowest
threshold while axons perpendicular to the electric field showed threshold gains of 7.2-8.7X for axons spaced 0.25-0.5 mm from the electrode plane. A rotating sinusoid applied to a standard DBS array resulted in lower thresholds for axons parallel versus perpendicular to the
lead (1.8X gain). In contrast, identical sinusoids applied to all three electrodes showed the lowest threshold for perpendicular axons, with a
1.9X gain in threshold for axons oriented parallel to the lead.

Conclusion

This work provides a framework for orientation-selective fiber activation to improve DBS therapy. The concept of rotating fields could be
extended to 3D multichannel configurations such as segmented DBS arrays to provide unidirectional activation in 3D space.
Acknowledgements: NIH grants: P41-EB015894, P30-NS057091; MICROBRADAM; UEF-Brain Pool; R01-NS081118; Michael J Fox Foundation; NSF IGERT (DGE-1069104); MnDrive Neuromodulation.
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Decoding Bladder Activity With Dorsal Root Ganglia Neural Signals Using a Kalman Filter
Aileen Ouyang; Shani Ross, PhD; Tim Bruns, PhD
1 University of Michigan

Introduction

Every year millions of people worldwide suffer from bladder dysfunctions as a result of spinal cord injuries, other neurological causes and
non-neurological causes. A closed-loop bladder neural prostheses provides great potential to alleviate this problem by delivering neuromodulatory stimulation at desired pressures to restore bladder function. Previous studies have shown that bladder sensory neural signals
can be recorded from sacral-level dorsal root ganglia (DRG). However, linear estimates of the pressure from these recordings are not sufficient for closed-loop control. In this study, we evaluate the effectiveness of a linear Kalman filter estimator as a new approach to predict
bladder pressure, using sacral-level DRG neural signals as input.

Methods

Neural recordings were collected during acute alpha-chloralose anesthetized feline procedures in which Blackrock microelectrode arrays were inserted in S1 and S2 DRG. Saline was infused at 2ml/min into the bladder until the bladder was full while bladder pressure was
monitored. After each experiment, unsorted neural data from an early bladder fill was used to develop an estimation model (training). This
model was then applied to neural data collected from a later bladder fill to estimate the pressure (testing). Two different models were evaluated in MATLAB: linear regression and a linear Kalman filter estimator. The Kalman filter was selected because it uses a weighted average method to reduce the inaccuracies caused by using imperfect sensory neural signal measurements alone.

Results

When fitting 9 training bladder fills, the Kalman filter (4.0 cmH2O root-mean-squared error) was lower than linear regression (9.0 cmH2O
root-mean-squared error). In four cases, the training model was applied to a test bladder fill data set, and again led to a lower fit (Kalman:
10.6 cmH2O; Linear: 12.8 cmH2O). Data analysis is on-going. Training and testing of the Kalman filter model only added a few steps, which
did not increase the computation time.

Conclusion

These promising results have shown the potential of Kalman filter as a viable solution to predict bladder pressure in bladder neural
prostheses.
This work is supported by the Craig H. Neilson Foundation (#314980).
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Flexible Boron Doped Polycrystalline Diamond Electrodes for Detection of Neurochemical and Electrophysiological Signals
Wen Li, PhD1; Bin Fan1; Robert Rechenberg, Diplom Ingenieur2; Yan Zhu1; Michael Becker, MSc2
1 Michigan State University
2 Fraunhofer CCD

Introduction

The central nervous system consists of large networks of neurons that communicate with each other electrically and chemically for information processing, analysis, and generation of outputs to achieve complex brain functions and behaviors. A complete understanding of
brain functions and diseases requires real-time monitoring of dynamic changes in both electrophysiological and neurochemical signals
in the brain networks. To meet this critical need, we designed and constructed boron-doped polycrystalline diamond (BDD) electrodes on
flexible polymer substrates for detecting neurochemical and electrophysiological signals in the animal brain.

Methods

Since BDD is a very hard material, we incorporated thin BDD structures into a softer biocompatible polymer as a transition to the soft tissue. A wafer-scale transfer technique was developed to transfer pre-patterned macro- and micro-scale BDD structures onto thin Parylene
C films, with good uniformity, strong adhesion, and high yield. The device was fabricated by depositing SiO2 onto a silicon wafer. BDD was
synthesized using microwave plasma assisted chemical vapor deposition. Aluminum was sputtered and patterned as an etching mask,
followed by BDD etching in an electron cyclotron resonance reactive ion etcher. SiO2 was over-etched in buffered oxide etchant (BOE)
to form undercut underneath the BDD structures. After covering the BDD patterns with Parylene C, the silicon substrate was completely
etched from the backside using deep reactive-ion etching. Finally, the BDD/Parylene film was released from the carrier wafer by dissolving
SiO2 in BOE.

Results

The flexibility of the BDD/Parylene electrodes was tested by wrapping the device onto a microcylinder. “Scotch Tape” testing shows no
BDD delamination or damage after five cycles of attachment and detachment of the BDD/Parylene film. Raman spectrum implies typical
heavily boron-doped diamond with the diamond characteristic band at 1327cm-1 and the two boron bands at 505cm-1 and 1209cm-1. Electrochemical measurements demonstrate that the BDD electrodes have a wider aqueous potential window and a lower background current in the 0.1M H2SO4 as compared to gold and platinum electrodes. A faster electron transfer process under mass transfer control was
observed in Ru(NH3)62+/3+ redox and a sluggish electron transfer process was observed for dopamine (DA)/dopamine-o-quinone redox. A
sensitivity of ~0.018mA/mm2·mM for Ru(NH3)6 2+/3+ and 0.0012µA/mm2·µM for DA was obtained experimentally. In-vivo studies in the rat’s
brain are planned to further investigate the capability and reliability of the devices for in-situ neurotransmitter sensing and electrophysiological recording.

Conclusion

Our hybrid BDD/polymer electrodes have significantly enhanced mechanical flexibility while preserving the favorable properties of
diamond.
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Electrodes
Motor-Evoked Responses via Epidural Spinal Cord Stimulation Evaluated at Inter- and
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Introduction

Epidural spinal cord stimulation (ESCS) has been shown to facilitate recovery of volitional control over motor function previously lost due
to spinal cord injury. Computational modeling and reports utilizing small animal models suggest ESCS-driven recovery occurs through activation of dorsal sensory pathways that enter the spinal cord and synapse onto effector motor neurons within the ventral horns as well
as polysynaptic interneuronal circuitry. According to the current hypothesis, neuromodulation of spinal networks via ESCS can establish
an excitatory state within the spinal cord that can facilitate supraspinal signals descending through spared connections within the injury site, thereby improving volitional responses. These findings, however, require further translation to large animal models in order to evaluate mechanisms underlying therapeutic effects of ESCS. In a porcine model, we hypothesized that ESCS applied at varying intensities
evokes responses both in a rostrocaudal-dependent fashion, related to activation of dorsal rootlets and dorsally located fibers of the spinal cord, and in a dorsoventral-dependent fashion related to activation of dorsal roots followed by activation of intraspinal structures and
motor roots.

Methods

Lumbosacral ESCS was applied to the dorsal surface of the spinal cord at locations both proximal and distal to dorsal sensory rootlets using 1 ms square wave pulses at intensities ranging from 0.5-3.0 mA. Spinally evoked potentials were recorded via fine wire intramuscular
electromyography of the gluteus medius, rectus femoris, biceps femoris, tibialis anterior, soleus, and gastrocnemius muscles of the hind
limb. The amplitude and latency of electromyography responses were examined at various locations of stimulation both proximal and distal to the entry of dorsal rootlets.

Results

We observed that ESCS produces early and middle latency motor evoked responses in a stimulation intensity-dependent manner, indicating that sensory roots were activated at lower intensities (midlength latency). Direct activation (short latency responses) of effector motor neurons or ventral roots occurred at higher stimulus intensities. Additionally, we found that stimulation applied proximal to rootlet entry
zones resulted in decreased thresholds for activation and increased amplitudes in muscle responses compared to placement of the electrode between the entry zones.

Conclusion

Our results support the hypothesis that ESCS applied in a stimulation intensity-dependent manner first activates sensory rootlets followed
by intraspinal structures and motor roots. This activation follows a rostrocaudal-dependent fashion related to dorsal rootlet entry zones.
These findings could lead to new designs for spinal cord interfaces to optimize therapeutic effects of ESCS-driven motor recovery.
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Electrochemical Evaluation of Shape Memory Polymer Electrodes
Christopher Frewin; Romil Modi, Master; Vindhya Danda, BS; Melanie Ecker; Rafi Ayub, Undergraduate; Walter Voit, PhD; Joseph Pancrazio,
PhD
University of Texas at Dallas

Introduction

Currently, many implantable neural interfaces use a hard material substrate to provide stiffness for device insertion. However, the mechanical modulus mismatch between these materials and the brain has been associated with a lack of microelectrode recording reliability.
Micromotion, produced by brain movement, lead to chronic inflammation due to the soft brain tissue moving in relation to these stiffer devices. Shape memory polymers (SMPs) not only return to a stored shape through various activation parameters, but some soften over two
orders of magnitude due to plasticizing effects. We have previously demonstrated softening SMPs use current processing techniques to
produce electrode structures [1].

Methods

In this study, we fabricated 0.0429 mm2 electrodes composed entirely of SMP insulation with either gold or titanium nitride as the conductive electrode materials. The electrodes were sealed alongside Ag/AgCl wire counter/ reference electrodes within glass jars filled with 7.4
pH balanced, 1 Mol. phosphate buffered solution (PBS). The samples were then placed at a physiological temperature (37 °C) for at least
40 days. Additionally, we also examined the SMP electrodes properties under accelerated aging conditions. The accelerated aging temperatures were chosen to ensure that we were testing our SMP polymers within the same glassy and rubbery state when compared to 37
°C. Electrochemical impedance spectroscopy was performed through the use of the model 604E Series Electrochemical Analyzer/Workstation (CH Instruments Inc., Austin, TX). The AC test ranged in frequency from 100 kHz to 1Hz at 12 measurements a decade with a signal amplitude of 10 mVpp.

Results

Generally, the Au electrodes, which began with an impedance of 16 KΩ, j 75°, at 1 KHz, experienced a slight decrease in impedance to 12
KΩ, j 70° within the first 200 hours, but then stabilized. The TiN electrodes show steady increase in impedance from 1 KΩ, j 30° at 1 KHz to
6 KΩ, j 45° within 350 hours, at which point stabilization occurs.

Conclusion

The overall electrochemical stability of these electrodes indicate their robust nature and resistance to material degradation within a physiological saline environment and are suitable for long-term evaluation using animal models.
This work was supported by the Office of the Assistant Secretary of Defense for Health Affairs through the Peer Reviewed Medical Research Program under Award No. W81XWH-15-1-0607. Opinions, interpretations, conclusions and recommendations are those of the author and are not necessarily endorsed by the Department of Defense.
[1] Ware, et al., Adv. Funct. Mater., 2012
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Comparing Burst SCS Paradigms on Acute Spinal Neural Activity in a Rat Model of Painful Radiculopathy
Christine Weisshaar, MS; Alexander Kent, PhD; Lalit Venkatesan; Beth Winkelstein, PhD

Introduction

Burst spinal cord stimulation (SCS) has been shown to be effective in treating neuropathic pain while also reducing or eliminating paresthesias associated with conventional tonic stimulation. This study aims to determine if there are differences in neuronal activity immediately after burst SCS with active or passive recharge in a rodent model of painful radiculopathy.

Methods

Painful nerve root compression was imposed in male Holtzman rats (n=5), and at day 7 the C3-C8 spinal cord was exposed via laminectomy. A monopolar platinum ball electrode placed on the dorsal column midline at C3/C4 applied biphasic active recharge burst or burst
with passive recharge, both with 5 pulses/burst, 500 Hz, 1ms pulse width, 40 Hz burst frequency. Neurons were identified in the ipsilateral C7 dorsal horn by brushing the forepaw; SCS was applied for 5 minutes at 90% of motor threshold (MT). Evoked firing was recorded
during noxious stimulation separately by a 26 g filament and a pinch of the ipsilateral forepaw before SCS (baseline), and at 0 (immediately), 2, 5, 10, and 15 minutes after SCS. SCS mode order was randomized for each neuron. Differences in the firing rate normalized to baseline were compared between the SCS paradigms using ANOVAs.

Results

Recordings were made from 9 neurons for both waveforms. Average MTs were significantly lower (p<0.0005) during active recharge (37
± 21 µA) than passive recharge (200 ± 61 µA) burst SCS. No differences in firing rate were detected for either burst paradigm in response
to the filament. For a pinch, at 5 minutes after active recharge burst SCS, the normalized firing rate increased over baseline (p=0.031) and
0 minutes (p=0.019). In contrast, for the passive recharge burst SCS with pinch, the normalized firing rate was significantly lower overall
(p=0.019), and at 5, 10, and 15 minutes relative to baseline (p<0.04).

Conclusion

These pilot data suggest that active and passive recharge components of burst SCS may exert different effects on the motor threshold
and spinal neuronal firing rate. These preliminary data further support the notion that the manner of charge delivery to nervous tissue is
important in SCS. Additional work, including recording from larger neuronal populations, examining additional time courses, evaluating different burst stimulation parameters, and investigating other neurotransmitters or biomolecular cascades, may provide additional insight
into these different burst SCS paradigms.
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Spinal Neuronal Activity Varies for SCS Modes After Painful Radiculopathy
Christine Weisshaar, MS; Alexander Kent, PhD; Lalit Venkatesan; Beth Winkelstein, PhD

Introduction

Both high-frequency (HF) and burst spinal cord stimulation (SCS) show benefits for neuropathic pain by reducing or eliminating paresthesias associated with conventional tonic stimulation. This study examines neuronal firing in response to 10kHz HF, 1.2kHz HF, and burst
SCS in a rodent model of painful radiculopathy to better understand these SCS paradigms.

Methods

Painful compression was applied to the right C7 nerve root in male Holtzman rats (n=5). At day 7, a monopolar platinum ball electrode
placed on the dorsal column midline at C3/C4 applied biphasic 10kHz HF (Pulse width [PW]=30μs), 1.2kHz HF (PW=200µs), or burst (5
pulses/burst, 500Hz, PW=1000μs, 40Hz burst frequency) SCS. Neurons were identified in the C7 dorsal horn by brushing the forepaw;
SCS was applied for 5 minutes at 90% of motor threshold (MT). Evoked firing was recorded during noxious (26g filament and pinch) stimulation of the ipsilateral forepaw before SCS (baseline) and at 0, 2, 5, 10, and 15 minutes after SCS. The order of stimulus delivery was
randomized for each neuron. ANOVAs compared differences in the firing rate normalized to baseline recordings between the three SCS
paradigms.

Results

A total of 9 neurons were recorded for all SCS waveforms. MTs were significantly higher (p=0.0065) during 10kHz HF (516 ± 317µA) than
1.2kHz HF (65 ± 28µA) SCS; but, the MT for burst (200 ± 61µA) was not different from other SCS modes. No differences in normalized firing rate were observed in response to the 26g filament for any SCS waveform. Burst was the only SCS mode that reduced the firing rate
for a noxious pinch (p=0.0194). The firing rate was significantly decreased from baseline starting at 5 minutes, and lasted for up to the 15
minutes (p<0.04) post-burst SCS.

Conclusion

Recently, Kinfe et al. (2016) showed burst SCS to be superior to HF SCS in reducing leg pain (n=16). In agreement with these clinical differences, our pilot data suggest that HF and burst SCS have different effects on spinal neuronal firing rate. This discrepancy could suggest
different mechanism(s) of SCS in pain relief. Indeed, burst SCS has been hypothesized to increase the synaptic signaling reliability that is
needed to induce long-term depression at dorsal horn neurons. Comparisons between HF and burst SCS are limited, highlighting the need
for further work at the neuron up through the patient level.
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Electrical Performance of Single Material Silicon Carbide (SiC) Microelectrodes
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Introduction

Implantable microelectrodes have yet to display robust reliability necessary for clinical applications. While biotic mechanisms likely contribute to these observed issues, abiotic mechanisms, such as material degradation and delamination, are becoming a focus for device
failure. Our group has proposed an alternative approach to these material issues. Silicon carbide (SiC) offers superior chemical inertness,
physical robustness, and superior biocompatibility in vivo; additionally, the platform provides modifiable electrical properties ideal for fabricating a single material implantable electrode. The crystalline form of SiC can conduct electricity via standard semiconductor doping
means, while the amorphous form offers excellent insulating properties.

Methods

A 5 µm thick epitaxial p (or n) layer, with a doping density of 1016 dopants/cm3, was epitaxially grown on a standard 4 degree off-cut
4H-SiC(0001) substrate using hot-wall CVD by Linköping University. A second 2.5 µm thick n+ (or p+), with a doping density of 1019 dopants/cm3, opposite in polarity to the initial base epitaxial layer, was then grown over the first. Planar all-SiC microelectrodes were then fabricated using deep reactive ion etch (DRIE) to form the electrode structures. The high level of dopants provide semi-metallic electrode conductivity, and the alternating p and n layers provided junction diode adjacent electrode isolation. USF deposited a 200 nm thick final conformal insulating a-SiC layer and opened 25 µm windows in the electrode tips to expose the conducting 4H-SiC electrode layer beneath
(Fig. 1). Electrochemical characterization of the electrodes was performed using a 7.4 pH, 1M solution of phosphate buffered solution
(PBS). Electrochemical impedance spectroscopy and cyclic voltammetry measurements were made using a model 604E Series Electrochemical Analyzer/Workstation (CH Instruments Inc., Austin TX), Voltage transient measurements were made using a Sigenics Inc (Chicago IL) constant current stimulator. The impedance was measured from 100 kHz to 1Hz with a 10 mV sinusoidal excitation. Cyclic voltammetry was performed between the potential window of -0.6V and +0.8V at 50 mV/s versus Ag|AgCl, and charge injection capacity was determined within the same water window.

Results

Overall impedance characteristics were very similar to metal electrodes of a similar size, ~300 -500 kΩ and f of -75°, whereas the stimulation profile was capacitive with charge delivery of greater than 7.5 nC/ phase and charge storage of 75 mC/cm2.

Conclusion

The electrical and electrochemical characterization of these single material, robust SiC electrodes demonstrates a viable alternative to
multiple material stack electrode structures and will be evaluated within animal models.
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Development and Validation of a Computational Model to Investigate Dorsal Root Ganglion Stimulation
Alexander Kent, PhD; Jeffery Kramer, PhD; Xiaoyi Min, PhD
St. Jude Medical

Introduction

Dorsal root ganglion (DRG) stimulation is an FDA-approved therapy for treatment of chronic pain. However, it remains unclear how the
applied electrical field modulates DRG neuronal activity and generates clinical benefit. The goal of this work was to construct and validate computational models of primary sensory neurons in the DRG to provide a framework for exploring the mechanisms of action of this
therapy.

Methods

Biophysical circuit-equivalent models of mammalian A- and C-fiber neurons were built using NEURON software. The A-fiber model was
based on the anatomy described in Amir 2003, composed of a soma, myelinated axons, and T-junction, and the electrophysiological properties detailed in (Smit 2009), including sodium, potassium, and leakage currents at the axon nodes and soma. The C-fiber model was
adapted from (Sundt 2015), and had similar anatomical structure and ion currents as the A-fiber model except that axons were unmyelinated and the soma contained additional ion currents (calcium, calcium-dependent potassium, and KCNQ). Pathophysiologic models were
also constructed by adding slowly activating/de-activating sodium channels to the soma. The model was validated by recording transmembrane potential and comparing action potential (AP) characteristics and ectopic firing patterns against experimental measures.

Results

The model accurately represented many of the neuronal characteristics measured experimentally [Koerber 1988, Harper 1985, Zhang
1998, Djourhi 2001, Djourhi 1998]. For a healthy Aβ neuron, there was close alignment on somal AP amplitude (model: 91.2 mV; experimental: 83.3 ± 9.9 mV), AP duration (1.15 ms; 1.29 ± 0.59 ms), after-hyperpolarization (AHP) amplitude (6.8 mV; 7.9 ± 4.2 mV), AHP
half-amplitude duration (4.7 ms; 5.9 ± 1.9 ms), axonal conduction velocity/diameter (3.9-5.0 μs-1; 3.2-5.0 μs-1), and T-junction following frequency (330 Hz; 390 Hz). Similarly, the C fiber model was corroborated by experimental data on somal AP amplitude (85.0 mV; 81.6 ± 6.9
mV), AHP amplitude (7.8 mV; 8.2 ± 5.1 mV), AHP duration (10.2 ms; 12.9 ± 8.4 ms), conduction velocity (0.29-0.43 m/s; 0.41 ± 0.15 m/s),
and following frequency (27 Hz; 30 Hz), but not on somal AP duration (2.0 ms; 4.97 ± 2.16 ms). For the injury state models, ectopic activity was characterized by sub-threshold membrane potential oscillations (SMPOs) and irregular firing in the A-fiber model, and SMPOs with
burst firing in the C-fiber model, matching experimental recordings [Amir 1999].

Conclusion

This work validated computational models of myelinated and unmyelinated primary sensory neurons in the DRG. These models can be
used to study the neuronal mechanisms of DRG stimulation and to further explore novel stimulation waveforms, lead designs, and stimulation targets.
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Models and Stimulation Paradigms
Measurement of Norepinephrine via Fast Scan Cyclic Voltammetry in Whole Blood
Evan Nicolai; James Trevathan, BA; Erika Ross, PhD; Luis Lujan, PhD; Blaha Charles, PhD; Kendall Lee, MD PhD; Kip Ludwig, PhD
Mayo Clinic

Introduction

Fast scan cyclic voltammetry (FSCV) is an electrochemical technique that is used to measure electroactive molecules with high temporal resolution. FSCV is commonly used in the measurement of various catecholamines in the central nervous system. The catecholamines
epinephrine and norepinephrine are active modulators of the autonomic nervous system and are implicated in heart disease and dysfunction of the adrenal glands. Though clinically useful, measurements of catecholamine concentrations cannot be currently measured in real
time within blood. Here we examined the feasibility of measuring norepinephrine in whole blood using FSCV.

Methods

Heparinized whole blood was collected from the femoral vein of an anesthetized pig. The blood was divided into 5 mL aliquots, to which
norepinephrine dissolved in tris-buffered saline was added to achieve desired concentrations between 1 pM and 5 uM. Electrodes were
allowed to stabilize in blood without norepinephrine for 30 minutes in order to define the background signal. Electrodes were then transferred randomly to each beaker containing norepinephrine for 5 minutes each. The Universal Electrochemical Instrument (UEI) and Tarheel
CV (Software, UNC Chapel Hill) were used to produce a triangular FSCV waveform that was held at -0.4 V and ramped to 1.45 V at 400 V/s
every 100 m/s. Resulting cyclic voltammograms were exported from Tarheel CV and analyzed using Matlab. Finally, we developed a novel
algorithm to extract changes in norepinephrine from background changes.

Results

At concentrations higher than 100 nM, the oxidation current for norepinephrine at approximately 0.6 V is readily apparent in single cyclic
voltammograms (CVs); however, the concentration of norepinephrine in whole blood has been reported to be approximately 600 pM. We
found that for concentrations lower than 10 nM, the oxidation current appeared to be present, but was masked by other changes in the
voltammograms and noise. Our algorithm allowed signals as low as 500 pM to be extracted from complex signals.

Conclusion

The ability to measure norepinephrine in real time within whole blood presents an opportunity to gain a better understanding of the autonomic nervous system, and use as a minimally invasive diagnostic tool. We have shown that FSCV can be used to measure norepinephrine in whole blood with subnanomolar resolution. Optimization of the applied waveform, noise management, and signal processing could
further increase the detection resolution.

93 | A Joint Meeting of NANS & NIC | June 25–29, 2016

Neural Signal Processing
Alteration of Efferent and Afferent Firing Patterns by Nerve Stimulation in Neural Regulatory
Systems
Patrick Crago
Case Western Reserve University and Cleveland FES Center

Introduction

Sensorimotor and autonomic nerves carry both afferent and efferent activity involved in closed-loop neural regulation. Both afferent and
efferent axons can be activated by the same stimulus due to their close proximity and similar sizes. Moreover, stimulation is superimposed on ongoing activity across populations of neurons. Interactions between stimulus generated and physiologically activated action
potentials occur through mechanisms of collisions between orthodromic and antidromic action potentials, resetting of neuronal firing by
antidromic conduction to the site of generation, and failure to stimulate due to refractory periods. What are the effects of such stimulation
on neural activity reaching the end effector, and what are the effects on afferent feedback involved in regulation?
In prior work, we showed that the effects on individual axons vary with the conduction time between the neural source and the stimulation
site, and the rates of the two action potential sources. During voluntary contraction, distal stimulation at moderate rates with long motor
conduction times is dominated by collisions and has little effect on the firing rates of small motor units. Stimulation increases force primarily by increased firing of large motor units.

Methods

We are extending this analysis by simulating afferent components of the stretch reflex of human first dorsal interosseus during graded
voluntary activation and simultaneous stimulation. The efferent activity to motor units and the afferent activity from a pool of tendon organs were modeled. Stimulation graded recruitment of both efferent and Ib afferent fibers.

Results

In contrast to distal motor stimulation, conduction time for distal afferent stimulation is extremely short and resetting dominates interactions. Stimulation below the Ib rate increases the firing rate nonlinearly. The average rate is the lowest integer multiple of the stimulus rate
that exceeds the receptor rate (i.e., it increases in a multistep pattern that reduces individual tendon organ force resolution). Summing the
activity of a population of receptors improves resolution. Stimulation also changes the temporal distribution of action potentials by introducing a pattern of relatively short periods and synchronizing firing across afferents.

Conclusion

Stimulation of afferents alters communication in neural regulatory systems. At moderate rates, the effects on average afferent firing rates
are modest. Changes in temporal patterns may be more important. Voluntary gradation of force during stimulation could be impaired. Although muscle spindles were not yet included, similar alterations in firing rate and effects of population averaging would be expected for
the primary endings.
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Neural Prosthesis
Subthreshold Stimulation of the Dorsal Root Ganglia Yields Paresthesia-Free Analgesia
Paul Verrills MD1; Bruce Mitchell, FACSP MD MPainMed FIPP1; David Vivian, MB BS FAFMM GDMM MMed (Pain Medicine)1; Alicia Kimber,
PhD2; William Cusack2; Jeffery Kramer, PhD2
1 Metro Pain Group
2 St. Jude Medical

Introduction

Neuromodulation of the dorsal root ganglion (DRG) has emerged as an attractive option for the treatment of chronic intractable pain.
The somatotopic organization of the DRG at each segmental level of the spinal cord allows for stimulation of specific regions of the dermatome that are otherwise difficult to reach with traditional spinal cord stimulation (SCS). Further, anecdotal clinical observations and
preliminary data suggest that once the pain and paresthesia maps overlap, paresthesia can be eliminated by decreasing the stimulation
amplitude below the perceptual level (subthreshold) without loss of analgesia. This is significant, as recent focus in the literature has been
placed on achieving paresthesia-free pain relief in patients using traditional SCS. The purpose of this retrospective review is to investigate
the therapeutic efficacy of a patient cohort utilizing subthreshold DRG stimulation for the management of intractable chronic pain.

Methods

Forty subjects (22 female, 18 male) at a single site met the selection criteria for this retrospective analysis, which included completing a
successful trial stimulation phase (>50% reduction in baseline pain) prior to the implantation of a permanent neurostimulator system. Patients had at least one DRG stimulation lead placed between spinal levels C6-S1. Six subjects required revisions of either the trial or permanent leads. Changes in pain relief were measured using a visual analog scale (VAS) between baseline and measurements posttrial,
postimplant, and 1, 3, 6, and 12-month follow-ups.

Results

All subjects were programmed according to the regional standard of care, which includes maintaining stimulation amplitudes below the
perceptual threshold. Subjects in this cohort self-reported in a survey that they did not experience paresthesia at any of the follow-up visits. On average, subjects reported a reduction of overall pain of 66.2% after the trial stimulation phase was completed. Subjects reported
continued pain relief of 59.0%, 68.1%, 64.5%, 64.1%, and 58.9% at the postimplantation, 1, 3, 6, and 12-month follow-ups.

Conclusion

DRG stimulation programmed at amplitudes below the perceptual level yielded significant and sustained overall pain relief for a period of
12 months after neurostimulator implantation. Importantly, these patients also reported experiencing paresthesia-free analgesia. These
outcomes are suggestive of several mechanisms of action underlying subthreshold stimulation, including the inhibition of supraspinal regions involved in somatic paresthesia sensation, as well as local attenuation of pathological neural activity at the DRG. The retrospective
results presented here posit that future prospective study of subthreshold DRG stimulation is warranted.
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Clinical Neuromodulation
L2-L3 Dorsal Root Ganglia Stimulation Induces Low Back Pain Relief: A Preliminary Report
Frank Huygen, MD PhD1; Liong Liem, MD PhD2; William Cusack3
1 Erasmus University
2 St. Antonius
3 St. Jude Medical

Introduction

Chronic low back pain affects millions of people worldwide. Although traditional spinal cord stimulation (SCS) can be an effective intervention, it does not provide sufficient pain relief for many intractable cases. Alternative neuromodulation approaches have been developed, including dorsal root ganglion (DRG) stimulation. While DRG stimulation is understood to provide extremity pain relief, axial back pain relief
is often obtained as well. Results using these alternative pain management strategies suggest that DRG stimulation at the L2-L3 segmental levels can achieve pain relief in subgroups of patients with intractable low back pain (e.g., Failed Back Surgery Syndrome [FBSS]).

Methods

This preliminary retrospective report involves a small cohort of 12 subjects who had a diagnosis of FBSS, reported axial low back pain as
either their primary/secondary region of pain and presented with a baseline overall VAS of at least 60 mm. After a successful trial stimulation period, each subject was implanted with a DRG stimulation system that had at least one lead placed at L2 or L3. Subjects’ pain ratings (VAS, BPI), mood (POMS), and quality of life (EQ-5D) were tracked prospectively for up to 12 months.

Results

At the 12-month follow-up, average pain relief in the primary area of pain was 45.5%, with more than half of subjects reporting greater
than 50% pain reduction. For ratings of overall pain, nearly 40% of subjects reported 50% or better pain relief, and the average pain relief
was 43% at 12 months. Significant concomitant improvements in BPI (35.7% decrease), POMS (36.8% decrease), and EQ-5D (58.1% increase) were also found at 12 months.

Conclusion

These data suggest that DRG stimulation at the L2-L3 levels induces pain relief in the low back, as well as in overall pain. These reductions
in pain were associated with improvements in quality of life. The dorsal aspects of the lower lumbar (L4-L5) intervertebral discs are known
to be a source of discogenic low back pain. These areas are innervated by sensory afferents that project through somatic spinal nerves,
as well as by sympathetic nerves; both of which converge in the L2-L3 DRG. Thus, DRG stimulation at these levels may be effective for a
selected subgroup of patients with intractable low back pain by recruiting both segmental and nonsegmental neural pathways that are not
otherwise accessible via traditional SCS. Further controlled investigations are warranted to prospectively clarify this phenomenon as well
as optimize lead placement and programming strategies.
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Clinical Neuromodulation
A Minimal, Low-Cost Voltage Controlled Wireless Stimulator
Vishnoukumaar Sivaji; Tarik Catovic, Masters; Dane Grasse, PhD; Robert Rennaker, PhD
The University of Texas at Dallas

Introduction

Wireless nerve stimulators are becoming an important tool for treating a variety of disorders. Most nerve stimulators on the market today utilize relatively high power current controlled (CC) circuits, requiring batteries. Reducing the required power and complexity allows for
miniature battery-less stimulators that receive power from a magnetic field. These stimulators can be placed directly on the nerve, minimizing surgical invasiveness. Here we present one such wireless stimulator implementation that uses a voltage controlled (VC) stimulation circuit constructed with 100% commercial, off-the-shelf components and standard PCB assembly.

Methods

Our device consists of a LC tank and rectifier that harvests RF power from an external coil. A RC timer controls the frequency and pulse
width of the stimulation pulses while its amplitude is set by a secondary LC tank, whose output voltage can be varied by changing the field
frequency. Biphasic stimulation is achieved by switching the pulses between the two electrodes. The entire circuit along with a 12 turn coil
was implemented on a 4 layer PCB. Bench top testing of the device was done with electrodes immersed in saline.
Sprague-Dawley rats were used to test the efficacy of VC stimulation, compared to a current controlled stimulation. The electrodes were
attached to each animal’s sciatic nerve and a force transducer tied to the calcaneal tendon in order to measure muscle force. Total force
per charge delivered by each stimulation method was then used as a measure of the efficacy of muscle activation.

Results

The fabricated device measured 13 mm x 10 mm. The total cost of the components was less than $10. The power consumption of the
device during stimulation was less than 200 uW. The device was able to deliver up to 1.8V pulses at a frequency and pulse width of 30
Hz and 100 us respectively. Comparison between CC and VC stimulation shows that VC stimulation required less charge to produce the
same amount of muscle force. Acute experiments of muscle recruitment shows that up to 20% less charge was need for a VC stimulation
than a CC stimulation.

Conclusion

While the stimulator presented here was specifically designed for stimulating the vagus nerve for motor rehabilitation in rats, it could be
used in a variety of experimental paradigms. The low cost and small size make it ideal for high throughput animal studies. With appropriate hermetic packaging it could also be adapted for clinical usage.
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Wireless Systems
Chronic Monitoring and Excitation of Lower Urinary Tract Function
Shani Ross, PhD1,2; Abeer Khurram, MS1; Aileen Ouyang, Bachelor’s Degree1; Ahmad Jiman, MS1; Zachariah Sperry, MS1; Chris Stephen, BS1;
Tim Bruns, PhD1
1 University of Michigan
2 Diversity Travel Award winner

Introduction

A greater understanding of lower urinary tract (LUT) neurophysiology is important for developing neuroprostheses for bladder control.
While a wealth of information exists on acute LUT interfaces, literature on long-term interfacing with LUT neurons is lacking. Our lab is developing an approach for chronic monitoring of bladder state and other LUT neural activity via a sacral dorsal root ganglion (DRG) interface in an intact male feline model.

Methods

Under isoflurane anesthesia we implant 32-channel microelectrode arrays (Blackrock Microsystems) in sacral DRG at the S1 and S2 levels, nerve cuffs on the pudendal nerve, and supra-pubic bladder catheters for saline infusion and bladder pressure monitoring. Electrode
and catheter connectors are tunneled subcutaneously to the midline rostral to the tail and are enclosed in a custom-made external housing apparatus mounted percutaneously to the iliac crests. After the animal has recovered from surgery, test sessions are carried out under
dexmedetomidine sedation (0.04 mg/kg). Neural activity and bladder pressure are monitored during bladder infusions and during electrical stimulation (1–33 Hz) of the DRG and pudendal nerve.

Results

LUT activity has been recorded for 4–10 weeks in four animals. Impedances have remained stable with, on average, 83% ± 0.12% of the
total number of channels per test session having values between 10 kΩ and 500 kΩ. Data analysis is ongoing, but up to 18 bladder afferents have been identified in a given animal (correlation coefficient > 0.2). Distension-evoked and pudendal stimulation-driven bladder emptying has been observed during which urethra flow afferents have been identified. These flow afferents fired at about 3 spikes/s during initial leakage and up to 48 spikes/s during maximal urine flow.

Conclusion

Our chronic setup allows us to track LUT afferents under varying bladder conditions and drive spinal circuits using electrical stimulation. We are assessing the stability of these signals over time and are developing closed-loop control algorithms towards neuroprosthetic
applications.
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Neural Prosthesis
Using Multiplanar CT, OCT, and IVUS to Locate Rhesus Vestibular Nerve for Single Unit Recording
Shiyao Dong; Pengyu Ren, MD; Jon Resar, MD; Charles Della Santina, PhD MD; Chenkai Dai, MD PhD
Johns Hopkins School of Medicine

Introduction

Accurate targeting is required for single unit recording from the vestibular nerve of alert rhesus monkeys, which is a powerful but technically challenging technique. Stereotactic guidance based on atlas coordinates has long been successfully employed by investigators experienced in that technique; however, the small size of the vestibular nerve, long distance to the nerve from the recording chamber craniotomy, and variation in cranial anatomy combine to make recording from the vestibular nerve difficult. We explored 3D multiplanar computed tomography (CT), optical coherence tomography (OCT), and ultrasound (US) to facilitate targeting the vestibular nerve.

Methods

In NN adult rhesus monkeys, bilateral recording chambers were implanted on the skull using stereotactic techniques. A guide tube containing a tungsten microelectrode was inserted via a craniotomy along the axis of each recording chamber, advanced toward the presumed location of the porus acusticus, and left in place while a CT scan was performed (voxel size 0.4x0.3x0.3mm). Multiplanar 3D reconstructions yielded images perpendicular and parallel to each chamber’s axis. A notch in the recording chamber served as an azimuth reference for reconstruction and placement of an XY stage. Distance from the chamber axis (ie, the stereotactic estimate of porus acusticus
location) and the true target location was measured from the CT reconstructions. Alternate techniques for image guidance, including use
of small caliber OCT and US imaging units passed through the guide tube, were also evaluated.

Results

For the 8 chambers (4 monkeys) examined, the distance between the chamber axis and true porus acusticus location was 0.5±0.19 cm,
and the distance from the craniotomy dural surface to the porus was 3.54 ± 0.26 cm. Systems designed for intravascular OCT and US provided additional information with high spatial resolution around the tip of a probe inserted through the guide tube, but application of these
techniques to single-unit recording in our setting was complicated by their side-viewing design.

Conclusion

Although small sample size and lack of randomization precluded statistically robust comparison between techniques, CT-based image
guidance proved to be a simple and useful complement to traditional stereotaxis. Atlas-based stereotaxis, CT, OCT and US offer complementary advantages and disadvantages for targeting cranial nerves. Adaptation of intravascular OCT and US systems for intracranial or
intrathecal imaging of cranial and spinal nerves may hold promise for intraoperative guidance in minimal-access rhizotomy and other clinical procedures that require precise spatial targeting of neural structures through narrow channels.
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Dorsal Root Ganglia Stimulation for Painful Diabetic Peripheral Neuropathy: A Preliminary Report
Sam Eldabe, MD1; Anthony Espinet, MD FRCA FFPMANZCA2; Porhan Kang, FFPMANZCA3; Liong Liem, MD PhD4; Nik Patel, MD5; Mark Tadros,
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Introduction

Painful diabetic peripheral neuropathy (PDPN) is a common and debilitating long-term complication of diabetes mellitus, and painful
symptoms can present clinically in up to 34% of those affected. Painful symptoms are localized to the toes, feet, legs, hands, and/or arms
and arise as a direct consequence of abnormalities in the peripheral somatosensory system. The dorsal root ganglion (DRG) has been
identified as an important neural structure in the development and maintenance of chronic intractable pain. Further, compared to targeting the dorsal column with traditional spinal cord stimulation, there are several distinct advantages of stimulating the DRG to treat painful
symptoms associated with PDPN. We present preliminary retrospective data from patients with refractory PDPN that underwent stimulation of the DRG and report on changes in their overall perceived pain.

Methods

Ten diabetic males met the selection criteria, which included a diagnosis of PDPN and painful symptoms of the lower limbs. Average
baseline overall pain as measured by a visual analog scale (VAS) was 79.6 mm. For the stimulation trial period, subjects were implanted with up to four quadripolar percutaneous DRG stimulation leads between L2-L5 spinal levels. Patients received a fully implanted neurostimulation system after completion of a successful trial period (>50% reduction in baseline pain). Overall perceived pain was measured at
baseline, postimplantation and 1, 3, and 6-month follow-ups.

Results

Of the 10 stimulation trials, three failed to achieve adequate pain relief. The seven remaining subjects proceeded with permanent implants
and their baseline VAS was reduced by an average of 68.3% at the postimplantation follow-up. For five patients with available final follow-up data at an average of 6 months, mean reduction in overall perceived pain was 58.4%, corresponding to a mean VAS score of 33.4
mm. Two of these subjects experienced overall pain relief of greater than 80%.

Conclusion

Early findings from this small, preliminary retrospective case series suggest DRG stimulation is an effective neuromodulation modality to
improve painful symptoms in PDPN patients. A potential mechanism of action for these findings is informed by the anatomy of the DRG;
which contain both somatic and visceral afferents. Stimulation of the latter can engage spinal-level reflex pathways involving interneurons
that project to sympathetic pre-motor neurons. One potential sympatholytic effect of reduced sympathetic outflow is segmental specific peripheral vasodilation, which would increase local circulation and may alleviate inflammatory symptoms of PDPN. Future prospective,
long-term trials are warranted to further investigate the outcomes presented here.
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Clinical Neuromodulation
Combining Tissue-Engineering And Neural Interface Technologies to Control Prosthetic Devices
Vidhi Desai; Chancellor Shafor, MS; Benjamin Spearman, BEng; Rebecca Wachs, PhD; James Graham, PhD; Eric Atkinson; Elizabeth Nunamaker; Christine Schmidt, PhD; Kevin Otto, PhD; Jack Judy, PhD
University of Florida
Because of the sophistication and complexity of state-of-the-art robotic limbs and the density of sensory receptors in the hands, the
upper-limb amputee population would be well served by having more independent channels of motor control and sensory feedback
signals. Peripheral nerves provide direct accessibility to the sensory and motor information in limbs, which could be interfaced with bidirectionally in order to control advanced prosthetic devices. However, all existing methods to interface with the peripheral nervous system, such as extraneural, intrafascicular, and regenerative approaches significantly under sample nerves. A higher-channel-count nerve
interface will also have to contend with the fact that the peripheral nerves have an anatomical structure that varies widely from patient
to patient and throughout the body. For example, the diameter of nerves vary by a factor of over 100 (i.e., from the centimeter scale
down to ~100 μm), as they finally innervate tissue. Here, we report on the development of a modular approach that is scalable to interface with peripheral nerves of varying sizes and is designed to be capable of providing high channel counts. Specifically, thin-film polyimide-based “threads” with multiple electrodes are microfabricated and embedded into a composite of biodegradable hydrogel and resorbable extracellular matrix. This Tissue-Engineered Electronic Nerve Interface (TEENI) is implanted between the two ends of a transected nerve, which allows axons to regenerate within close proximity of the electrodes. Each thread is designed to be 10 μm thick, 90
μm wide, and 5 mm long. Our novel and biocompatible hybrid interface is designed to make it possible to bidirectionally communicate
with nerves at an unprecedented spatial scale and resolution, thereby impacting fundamental scientific understanding of nerves and
serving the needs of amputees to regain a greater fraction of lost function. In early-stage studies, we have incorporated ten 4-channel
threads within the TEENI construct. Since the polyimide threads occupy only 0.6% of the cross-sectional area of a rat sciatic nerve, the
TEENI construct provides ample room for axonal regeneration without obstructing space. We will report on the design, fabrication, and
results of early-stage experimental and histological results in the rat model.
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Peripheral Nerve Interfaces
Real-World Clinical Outcomes of Multiple Waveform Spinal Cord Stimulation: A Prospective Global
Registry
Anthony Berg, MD1; Dat Huynh, PhD2; Nitzan Mekel-Bobrov2
1 Spine Team Texas1
2 Boston Scientific

Introduction

Different treatment modalities in spinal cord stimulation (SCS) are now available including standard rate, 1K, burst, anode intensification,
10K, multiple independent current control (MICC), etc. On the other hand, identification and analysis of clinically-relevant patient subpopulations using these different modalities, via mining large datasets (big data) of real word evidence (RWE) and implementation of advanced
analytics, have not yet been conducted. We report here the largest SCS study of its kind designed to investigate real-world, multimodal
SCS.
Methods
This is a prospective, multicenter, global registry study (RELIEF Registry, Boston Scientific) enrolling up to 4,800 subjects at up to 150 centers. All subjects undergo a trial for pain with a commercially-approved neurostimulator and followed up to 36-months. To date, programming parameters and waveform usage among 800 patients have been collected.
Results
Previously analyzed subjects have been found to use a large number of programs/waveforms from 0-30 days post-implant (10-11 programs) but stabilize by 6 months postimplant (2-3 programs). Most subjects utilized the standard SCS waveform (62.6%) compared to
others (1k, anode intensification, burst). Seventy-two percent of subjects utilized multimodal SCS versus single mode (28%). Of these, approximately 90% of subjects use at least 2 modes (~10% use 3 or more) with most using a combination of 1 kilohertz and standard rate
programs (29%).
Conclusion
This study collects and analyzes a large dataset of RWE. Subjects have so far been found to use multiple modalities/waveforms longterm, using a variety of options at different times each day. This initial observation underscores the clinical-relevance of a single device capable of multimodal SCS.
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Clinical Neuromodulation
Assessment of Patient Experience: Data Analytic Approaches Combining New and Established Pain
Outcome Measures
Sherry Lin, PhD; Dat Huynh, PhD; Nitzan Mekel-Bobrov
Boston Scientific

Introduction

Chronic pain often has downstream effects including lifestyle changes and loss of independence. Thus, besides reducing pain, a goal of
treatment should be restoring patients’ quality of life. Intuitively, pain relief should have a corresponding effect on quality of life and patient
satisfaction. However, many studies report little association or, occasionally, discordant relationships between pain control and patient
satisfaction, such that patients with minimal pain reduction report treatment satisfaction. Furthermore, when pain control and patient satisfaction are related, there is sometimes stronger correlation between patient satisfaction and variables besides pain control. This suggests that complete assessment of treatment effectiveness would integrate measures of pain control, quality of life, and patient satisfaction. We describe the methodology used to assess chronic pain patients’ experiences using spinal cord stimulation in the RELIEF study.

Methods

A comprehensive analysis of the outcomes from the RELIEF registry is studied to investigate the interactions between multiple measures
of pain control as well as quality of life. Computational techniques for variable clustering and dimensionality reduction are used to examine relationships between outcomes.

Results

Variable clusters and correlations between outcomes are analyzed for 400 patients from the RELIEF registry. New measures to assess an
overall patient response to therapy are presented and compared to existing measures.

Conclusion

In the RELIEF study, we analyze a large array of variables to provide as comprehensive an assessment as possible of spinal cord stimulation’s effectiveness in chronic pain treatment. Given chronic pain’s complexity, it is likely that many measures of effectiveness, whether
pertaining to pain intensity, quality of life, or patient satisfaction, will not always change in similar fashions following treatment. By comparing several variables and introducing new measures, our results provide insight into the relationship between pain control and patient
satisfaction following spinal cord stimulation.
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Clinical Neuromodulation
Towards Clinical Translation of Penetrating Multisite Microelectrode Arrays for the Brainstem
Martin Han, PhD; Douglas McCreery, PhD1; Ji Hun Kim, MS1; Kamal Yadav, MS1
1 Huntington Medical Research Institutes

Introduction

Treatment of neurofibromatosis type 2 requires removal of the tumors which often results in destruction of the auditory nerves, and a
small subset of cochlear implant users may not benefit from their cochlear implants. As a part of our effort to develop a central auditory prosthesis for these profoundly hearing impaired persons, we developed penetrating multisite microelectrode arrays for the brainstem,
and validated them extensively in chronic implantations.

Methods

We developed two versions of silicon-based penetrating devices: one for the cochlear nucleus for stimulation and another for the inferior
colliculus for recording. Micromachining techniques were used to fabricate mechanically sturdy devices with 70-100 um in thickness. In a
chronic feline model, microstimulation was applied in the ventral cochlear nucleus via a 4-shank, 16 channel device while the longer probe
in the inferior colliculus was used to record the evoked responses.

Results

Both arrays have been reliable in terms of surgical insertion and chronic microstimulation and recording in-vivo up to two years. We were
able to resolve single- and multiunit neuronal activity evoked in ICC by the microstimulation in the CN. This has allowed us to map the tonotopic specificity of the microstimulation in the CN. The two arrays allowed us to investigate amplitude and frequency modulation between the two nuclei.

Conclusion

We have developed two versions of microelectrode arrays for the brainstem and extensively validated them in-vivo. We hope to translate
this technology to clinical setting in the near future for patients with profound hearing loss.
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Introduction

In this study, we examine outcomes of spinal cord stimulation (SCS) therapy in subjects taking part in the ongoing RELIEF registry who
have been implanted with a new 32-contact surgical lead that can couple the following: multiple independent current control (MICC),
unique neural targeting software, and available multiple waveforms (multimodal SCS).

Methods

The RELIEF registry (Boston Scientific) is an ongoing study and will enroll up to 4,800 subjects at up to 150 centers.

Results

Outcomes of subjects implanted with a newly available surgical lead paddle (CoverEdge, Boston Scientific) who have reached at least 6
months postimplant will be reported.

Conclusion

Using advanced technology to couple a 32-contact surgical lead with MICC, neural targeting, and multiple programs/waveforms may advance the ability to highly customize SCS and treat chronic pain. In so doing, the promise of unprecedented ability to treat chronic pain in a
manner that fully optimizes therapy to each particular individual may be fully realized.
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Differential Mechanisms of Action Between Paresthesia and Paresthesia-Free SCS: A PET Study
Nitzan Mekel-Bobrov1; Richard Rauck, MD2; Uri Maoz, PhD3
1 Boston Scientific
2 Carolinas Pain Institute
3 California Institute of Technology

Introduction

Recent studies report subperception (paresthesia-free) spinal cord stimulation (SCS) as a potential therapeutic modality. For example, in a
preclinical rat model of neuropathic pain, frequencies in the subperceptive kilohertz range were found to attenuate mechanical hypersensitivity over time which differed from standard rate (Shechter et al., 2013). Additionally, a pilot crossover randomized controlled trial (RCT)
reported subperceptive pain relief using 1 kHz (North et al., 2015). To begin uncovering possible mechanisms underlying these modalities, we examined the activation of brain regions induced by standard and subperception SCS with positron emission topography (PET)
imaging.

Methods

This study was designed as a RCT incorporating a crossover design testing the following experimental conditions (n=12): stimulation off,
standard rate (paresthesia-based), subperception SCS (with associated pain relief), subperception SCS (without associated pain relief).
Brain activation was assessed using PET imaging at 1.95 mm resolution. Using statistical parametric mapping (SPM), pairwise analysis of
blood flow in different brain regions among experimental conditions was carried out.

Results:

Comparing each experimental condition against each other using SPM found statistically significant (p < 0.001) qualitative differences in
brain activation between the following: standard rate versus stimulation off, subperception SCS (with associated pain relief) versus stimulation off, and standard rate versus subperception SCS (with associated pain relief). Comparison of subperception (without associated
pain relief versus stimulation off was found not to be statistically significant.

Conclusion

This study found varying brain regions activated with subperceptive 1 kHz SCS compared to standard rate. These findings suggest potentially different mechanisms of action for these SCS treatment modalities.
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Clinical Neuromodulation
A Parylene Cuff Electrode for Peripheral Nerve Recording and Stimulation
Angelica Cobo, MS1; Kee Scholten, PhD; Christopher Larson, BS; James Yoo, BS; Trevor Hudson, BS; Victor Pikov, PhD; Ellis Meng2
1 Diversity Travel Award winner
2 University of Southern California

Introduction

The creation of a versatile, noninvasive brain-computer interface is key to the development of new medical technologies including advanced prostheses. However, achieving a stable electrophysiological connection to peripheral nerves is challenged by the presence of
the epineurium sheath which limits access to individual nerve fibers. Intraneural devices, which physically penetrate this sheath, achieve
strong signal fidelity but are overly invasive. To overcome these hurdles, we developed a non-invasive Lyse-and-Attract Cuff Electrode
(LACE) with integrated direct-to-nerve drug delivery system as a means to chemically disrupt the epineurium and then promote axonal
sprouting towards electrodes within the microchannels.

Methods

The Parylene C cuff incorporates 4 microfluidic channels (250 μm W × 20 μm H), each containing a pair of platinum electrodes (300 μm
W × 1500 μm L). The cuff wraps around a nerve with the microfluidic outlets in contact around the circumference of the epineurium, and
is held in position by an adjustable locking mechanism. During benchtop testing devices were wrapped and unwrapped around simulated
agarose nerve phantoms to evaluate holding strength (n>10). Microfluidic channels were evaluated by infusing dye with a syringe pump at
variable flow rates while imaging dye progression. Baseline electrochemical measurements were obtained through cyclic voltammetry in
a 0.05M H2SO4 and electrochemical impedance spectroscopy in 1X PBS.

Results

The locking mechanism was simple to implement and robust. No leakage was observed up to a flow rate of 2000 μL/min, with uniform
flow through all fluidic outlet ports in the flat configuration (n=4). In the curled configuration, flow was achieved in 3 out of 4 channels
which is sufficient for the in vivo application. Localized drug delivery on a nerve phantom was demonstrated. A safe flow rate of 900 nL/
min was achieved by the cuff when wrapped around a nerve phantom. Cuff electrodes yielded an electrical impedance of 1.8 kΩ, a phase
of -56.4º at 1 kHz, and a charge storage capacity of 1.06 mC/cm2 (n = 6), demonstrating suitable electrode properties for peripheral nerve
recordings and stimulation.

Conclusion

We developed a peripheral nerve interface that combines electrodes and microfluidic channels in an adjustable cuff sized to interface with
rat sciatic nerve. The LACE device uses a robust and simple locking mechanism that is adjustable for close contact with nerves of varying
diameters. We demonstrated fully functional cuffs having low electrode impedances, microfluidic infusion at < µL/min flow rates, and localized drug delivery.
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Peripheral Nerve Interfaces
Directionally Sensitive Peripheral Nerve Recording Using Bipolar Nerve Cuff Electrode
Parisa Sabetian; Milos Popovic, PhD1; Paul Yoo, PhD1
1 University of Toronto

Introduction

Peripheral nerve cuff electrodes (NCEs) have been used successfully in myriad clinical applications for delivering electrical pulses to
treat-bladder dysfunction, epilepsy, and to also achieve functional reanimation of upper and lower extremities. In parallel to these efforts,
investigators have also used NCEs to demonstrate the feasibility of peripheral nerve activity as a potential means of optimizing therapies
via closed-loop controlled nerve stimulation. The tripolar NCE design is considered the “gold standard” for measuring both evoked and
spontaneous electroneurogram (ENG) signals. The advantage of this design is the ability to suppress the concomitant recording of very
large external electrical sources (e.g., artifact signal). However, the requisite electrical shorting of the two side-electrodes render the recorded ENG unable to provide any directional information (efferent vs. afferent). In this study, we investigated the feasibility of using a bipolar NCE to achieve directionally-sensitive recording of neural activity.

Methods

A computer model of a monofascicular peripheral nerve which combined the use of finite element software (Comsol Multiphysics) and
Matlab—was implemented to simulate single fiber action potential (SFAP) and artifact noise signal (ANS) recorded by either a tripolar or
bipolar NCE. The nerve trunk was constructed using three concentric cylinders: (1) endoneurium, (2) perineurium, and (3) epineurium. The
ANS was generated by using a pair of electrical terminals located at each end of the NCE. In these computer models, the effects of varying key design parameters include the electrode length, electrode edge length, and an external conductive shield layer was investigated on
both SFAP and ANS.

Results

This study showed that low-noise, directionally sensitive recording of nerve activity can be achieved with a bipolar NCE. Our results indicated that the signal to noise ratio of the bipolar NCE can be markedly improved and approximated that of a tripolar NCE by selecting specific design parameters: (1) electrode length (e.g., shorter than 1.2 cm), (2) electrode edge length (e.g., longer than 5mm), and (3) conductive shield layer with an electrical conductivity of at least 4 orders of magnitude greater than saline.

Conclusion

The results of our study provide specific modifications to conventional NCEs such that a bipolar NCE can achieve signal to noise ratio
comparable to that of a tripolar NCE and also differentiate ENG signals travelling in opposite directions (eg, afferent vs. efferent). The required design criteria for this bipolar NCE are simple enough for rapid fabrication and testing in complementary animal studies.
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Peripheral Nerve Interfaces
Real-World Utilization of Subperception (≤ 1.2 khz) Spinal Cord Stimulation
Anthony Berg, MD1; Dat Huynh, PhD2; Nitzan Mekel-Bobrov2
1 Spine Team Texas1
2 Boston Scientific2

Introduction

Different therapeutic modalities in spinal cord stimulation (SCS) are now available to providers and patients (e.g., paresthesia-based SCS,
subperception SCS, burst, anode intensification, multiple independent current control). However, identification and analysis of clinically relevant patient subpopulations using these different modalities have not yet been conducted. In this substudy, the clincial utilization of subperception SCS at ≤ 1.2khz by subjects participating in a large, real-world registry study of multimodal SCS is examined.

Methods

A subgroup cohort analysis of subjects using subperceptive stimulation settings (≤ 1.2khz SCS) enrolled within the larger prospective,
multicenter, global RELIEF registry study sponsored by Boston Scientific will be carried out. All subjects undergo a trial for pain with a
commercially-approved neurostimulator and will be followed out to 36 months. Utilization data collected to date includes but not limited to the following: average number of stimulation programs per day, mean number of stimulation program changes per day, total usage
time of subperceptive stimulation settings, and proportion of subjects using subperceptive stimulation settings.

Results

To date, preliminary utilization data demonstrates that subjects use a large number of programs/waveforms from 0-30 days postimplant
(10-11 programs) but stabilize by 6 months postimplant (2-3 programs). Most subjects utilized the standard SCS waveform (62.6%) compared to others (1k, anode intensification, burst). Seventy-two percent of subjects utilized multimodal SCS versus single mode (28%). Of
these, approximately 90% of subjects use at least 2 modes (~10% use 3 or more) with most using a combination of 1 kilohertz and standard rate programs (29%). Further characterization of subjects who utilize subperception SCS will be reported.

Conclusion

Subjects have so far been found to use multiple modalities/waveforms long-term, using a variety of options at different times each day.
This underscores the clinical-relevance of a single device capable of multimodal SCS, including subperceptive settings at ≤ 1.2khz.
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Figure 1. (a) Schematic of LACE for targeting individual fascicles within a nerve. Insert shows the cross-sectional view. (b)
Fabricated LACE in which microfluidic channels are highlighted by the presence of photoresist.
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Clinical Neuromodulation
Cervical Sympathetic Stimulation of the Cervical Sympathetic Nervous System for Treatment of
Atypical Face Pain
Frank McDonnell, MD

Introduction

The goal of this article is to introduce a novel treatment option for the treatment of atypical face pain (CRPS Types I and II) involving the
inferior alveolar, infraorbital, posterior superior dental, anterior superior dental, and lingual nerves.

Methods

Five patients presenting with unilateral face pain and one with bilateral face pain of a neuropathic nature (CRPS Type I and Type 2) after
multiple dental surgeries and normal MRI scans underwent a series of ipsilateral stellate ganglion injections followed by one week of stellate ganglion catherization providing the patients with considerable pain relief. Considering these results all six completed successful one
week percutaneous neurostimulation trials. Subsequently each patient was implanted with a permanent neurostimulation system with
two percutaneous leads placed in a retrograde fashion on the same side as the face pain and spanning C6, C7, and T1 (Note: the patient
with bilateral pain was implanted with one octrode on each side of the spinal column) with successful programming at the C6, C7 levels
indicating stimulation of the stellate ganglion.

Results

All patients reported at least 70% pain control during the peripheral stimulator trial, and four of the six ended the trial with 95% relief. After
implantation of the permanent system four patients report at least 80% pain control at 6-month follow-up. One patient reports 40% pain
control but has not been reprogrammed since her implant and another patient reports less than 50% but says that his functional ability
has improved drastically.

Conclusion

Utilization of neurostimulation systems for the treatment of atypical face pain when stimulating the cervical sympathetic nervous system
has proven to be extremely effective at 6-month follow-up.
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Clinical Neuromodulation
Volitional Electromyographic Signals in Lower Extremity after Motor Complete SCI: A Potential Neuroprosthetic Control Source
Elizabeth Heald; Ronald Hart, MS; Kevin Kilgore, PHD; Hunter Peckham, PhD

Introduction

Electromyographic (EMG) signals are a robust, stable, discreet, and easy-to-implement source of control information, and for these reasons have been used extensively in functional restoration applications such as neuroprostheses. Previous evidence suggest that a degree
of volitional control over sublesion muscle activity is still present in many complete SCI cases, though these signals are typically too small
to produce visible muscle contractions. These signals have potential to be dedicated command sources, adding control and functionality to assistive technology such as an implanted neuroprostheses. The goals of this work were to demonstrate the presence of volitional EMG activity below the lesion in motor complete SCI and to characterize this activity to determine its value for potential use as a neuroprosthetic command source.

Methods

Twenty-four subjects with chronic (>9 months post-injury) cervical SCI (levels C4-C7) who had been classified as motor complete, AIS
A (n=16) or B (n=8), were tested for the presence of volitional below-injury EMG activity. These subjects had no appearance of voluntary
movement in their lower extremities. Bipolar surface electrodes recorded EMG from 8-12 locations of each lower limb. In each trial, participants were asked to attempt a specific movement of the lower extremity in response to visual and audio cues. Trials were repeated 2-3
times for each movement type, for a total of approximately 30 trials per limb. Recorded EMG was processed using an amplitude threshold
algorithm to identify motor unit activity. Trials with sufficient detected activity were then analyzed for correlation of activity with the movement cues. The criteria for a muscle to be designated as a potential neuroprosthetic control source was: at least 75% of total detected activity must be within the movement cues in at least three trials.

Results

Of the 24 subjects tested, 20 (83%) had at least one lower extremity muscle with sufficient EMG activity. Twelve subjects (50%) had at
least one muscle on each side that met this criterion.

Conclusion

The surface EMG protocol utilized here is relatively simple and noninvasive, ideal for a clinical screening tool. The majority of subjects tested were able to produce a volitional signal that met the designated criteria. The presence of this volitional, recordable EMG activity in the
lower extremity could provide an innovative new command signal source. Our future work will explore the effects of biofeedback training
on these signals with the goal of further improving the signal quality.
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Neural Prosthesis
Optimization of Genetic Algorithms for Design of Temporal Patterns of Stimulation
Isaac Cassar; Nathan Titus, PhD Student1; Warren Grill, PhD
1 Duke University

Introduction

A genetic algorithm (GA) is a high dimensional search algorithm that emulates evolutionary biology to find an optimal solution. GAs take
advantage of the effects of natural selection, migration, and mutation to identify solutions that minimize an associated cost function. GAbased optimization has been successfully applied to a wide variety of problems, including robotic navigation, pattern recognition, speech
recognition, and engineering design of circuits. In this study, we implemented a GA for designing temporal patterns of neural stimulation,
and evaluated four unique improvements on the standard GA method.
Methods
We quantified the effects of four innovations to GA-based optimization on solution speed and efficacy. We altered the mutation method so that it randomly adds, removes, or moves pulses with equal probabilities. This prevents the tendency of mutations to bias changes
in average frequency. We incorporated competitive immigrants, in which the immigrants are progressively more competitive over subsequent generations. We added a predictive function, in which smart immigrants are created via a pseudo-Bayesian technique that accumulates knowledge about the optimum number of pulses and interspike intervals. Finally, we added a jumpstart function intended to improve
the GA’s ability to avoid local minima by intelligently regenerating the population when stuck at a given level.
Results
Our four innovations were tested both individually and in combination, and compared to the standard GA. We ran each configuration 200
times, sampling the maximum fitness obtained after 100 generations. Fitness values ranged from 0 to 1, with the standard GA obtaining a
median fitness of 0.32. Individually, the new mutation, competitive immigrant, predictor, and jumpstart functions improved the median fitness to 0.88, 0.49, 0.86, and 0.35, respectively. When all four innovations were combined, the median fitness rose to 0.96. The GAs were
also sampled after 50 generations, and the median fitness rose from 0.20 to 0.92, demonstrating that the speed of convergence also dramatically increased.
Conclusion
GAs are useful tools for the design of optimized temporal patterns of stimulation for neuromodulation. To maximize the performance of
GA-based optimization, we implemented four innovations onto the standard GA paradigm. These innovations significantly improved upon
the GA’s ability to identify the optimum stimulation pattern and in fewer generations.
Acknowledgments: This work was supported in part by NIH grant R37 NS040894 and in part by the Duke Pratt School of Engineering.
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Models and Stimulation Paradigms
Extracting Chronically Stable Features from Intracortical Recordings for Robust BCI Applications in
Humans
Mingming Zhang, PhD1; Nicholas Annetta, MEng; Michael Schwemmer, PhD; Gaurav Sharma, PhD; Herbert Bresler; David Friedenberg, PhD;
Jordyn Ting; Connor Majstorovic; Marcia Bockbrader, MD PhD; Ali Rezai, MD2; W Mysiw
1 Battelle Memorial Institute
2 OSU

Introduction

The lack of long-term neural data has hampered the emerging field of brain computer interfaces (BCI) for practical applications. As part
of an ongoing clinical study, we examined the properties of neural recordings from an intracortically implanted multielectrode array in a
quadriplegic human over an extended time period. We have identified a feature, called mean wavelet power, which has proven reliable for
decoding brain signals for different hand movements over 700 days.

Methods

Neural signals were recorded via a Utah array implanted in the participant’s primary motor cortex and were decoded using machine learning algorithms to classify imagined motions. The participant performed tasks to imagine different hand movements when cued by a virtual hand on a computer.

Results

Mean wavelet power, among multiple frequency bands, has been shown to provide stable information over 700 days post-implantation.
Among all frequency bands, multiunit activity (MUA) performs the best in decoding four different hand movements within a single trial.
This feature presents a promising level of good complex motion decoding, whereas single-unit activity (SUA) or local field potential (LFP)
could not achieve the same level of performance.

Conclusion

Our study has shown that the mean wavelet power of MUA can be used to reliably decode at least 4 different hand movements over 700
days post-implantation.
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Neural Signal Processing
Upper Extremity Prosthesis User Perspectives on Innovative Neural Interface Devices
Heather Benz, PhD; Jia Yao, PhD RAC1; Laura Rose, PhD1; Okan Olgac MSPH2; Karen Kreutz, BS; Anindita Saha, BSE; Eugene Civillico, PhD1
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Introduction

The needs of individuals with upper limb amputation and congenital limb difference are not being fully met by current prostheses, evidenced by prosthesis rejection, nonwear, and reports of pain and challenging activities. Emerging technologies such as electrical stimulation for the restoration of sensation, implantable neural interfaces for improved prosthetic control, and dexterous sensorized robotic limbs
have the potential to provide novel benefits, but pose additional risks. Prosthesis user perspectives on such benefits and risks can inform
device development, clinical trial design, and regulatory benefit-risk assessments.

Methods

In preparation for a survey of prosthesis user perspectives on relevant benefits and risks, we conducted pilot interviews with seven individuals with upper limb amputation or congenital limb difference. Interviews included questions about participants’ typical daily experiences.
Particular attention was paid to challenging activities or situations in which limitations were encountered. When limitations were relevant
to novel prosthetic technologies, participants were asked about their perspectives on these technologies. Interviews were recorded and
transcribed for content analysis and text mining.

Results

Pain on the intact side and the side with amputation or limb difference was mentioned frequently. Precise control of hand or finger movements was also important, both during activities of daily living (ADLs) and when using computers or handheld electronics. Common desires for new technologies were lighter-weight devices, more comfortable device attachment, and more functionality for ADLs. Text mining confirmed the importance of using prosthesis to execute “small tasks,” comfort of the myoelectric socket, and playing with children.

Conclusion

The qualitative data collected in this study can be used to generate hypotheses to test in a planned survey. The most consistent theme
was pain due to overuse syndrome, which resulted in concerns about current and future impact on quality of life and ability to work. Therefore, some risks may be acceptable to some prosthesis users to obtain a prosthesis with dexterous function, control, fluidity of use, and
operation speed. Another consistent theme was the value to participants of feeling “whole,” functionally, cosmetically or in interpersonal
relationships. Future survey questions may therefore probe the value of sensory feedback in the context of a natural-feeling limb or body
schema. A more complete understanding of how novel technologies could address real user needs may inform implementation of new
technologies and regulatory decision-making.
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Neural Prosthesis
Implanted BCI for Cortical Control of Hand Movements in a Human with Quadriplegia
David Friedenberg; Gaurav Sharma, PhD; Nicholas Annetta, MEng; Marcia Bockbrader, MD PhD; W. Mysiw; Ali Rezai, MD; Chad Bouton, MS
Engineering Mechanics; Herb Bresler

Introduction

The objective of this study was to develop a Neural Bridging Technology (NBT) to bypass nervous system injury from spinal cord injury
(SCI) or stroke. The NBT study involves the use of intracortically-recorded signals that are linked in real time to muscle activation through
a neuromuscular electrical stimulation system (NMES) to restore movement in a paralyzed limb.

Methods

The NBT has been successfully demonstrated during a Food and Drug Administration (FDA) and Institutional Review Board (IRB)-approved study [1]. The study participant is a 24-year-old male who sustained a C5/C6 SCI and was implanted with a 96-channel microelectrode array in the primary motor cortex. Wavelet decomposition in conjunction with Support Vector Machine (SVM)-based machine learning algorithms were used for neural signal analysis and decoding. Electrical stimulation to the participant’s forearm was applied through a
custom made high-definition neuromuscular stimulation cuff comprising of up to 160 electrodes allowing precise stimulation and control
of muscle contractions. Resulting movement types and degrees of flexion/extension were observed and recorded.

Results

The NBT provided isolated finger movements and the participant achieved continuous cortical control of six different wrist and finger motions with high accuracy. Furthermore, he was able to use the system to complete functional tasks relevant to daily living. Fig. 1 shows a
snapshot from a functional task where the participant was able to grasp a bottle, pour its contents (dice) into a jar, grasp a stir stick from
another jar, transfer the stir stick without dropping it, and use it to stir the dice in the jar. The task required the participant to evoke different
neuromodulation patterns to control the opening of his hand, perform a cylindrical and precision pinch grasps, while simultaneously moving his upper arm.

Conclusion

In this study, for the first time, a human with quadriplegia regained volitional, functional movement through the use of intracortically-recorded signals linked to NMES in real time. With the use of our investigational system, our C5/C6 SCI participant gained wrist and finger function consistent with a C7-T1 level of injury. This improvement in function is meaningful for reducing the burden of care in patients
with SCI as most C5 and C6 patients require assistance for activities of daily living, while C7-T1 level patients can live more independently.
The NBT has potential applications in the field of BCI-controlled neuromodulation to assist people living with motor disorders or paralysis
by bypassing/bridging injured portions of the nervous system.

116 | A Joint Meeting of NANS & NIC | June 25–29, 2016

Brain Computer/Machine Interface
VIM DBS Spatial Summation Effects Along Horizontal Axis in ET Patients
Changqing Kao, MD1; Hong Yu, MD2; Vishad Sukul2; Fenna Phibbs, MD2; Benoit Dawant, PhD1; Peter Konrad, MD PhD2
1 Vanderbilt University
2

Vanderbilt Medical Center

Introduction

DBS spatial summation effects have not been tested along the horizontal axis surrounding the target. Intraoperatively, the stimulating effects were tested one point (track) at a time either with single-track or multitrack electrode mapping. Current studies simultaneously activate more than one stimulating electrode at the target and surrounding areas.

Methods

Three Grass S88 Dual channel stimulators are capable of outputting up to 6-ch simultaneously via stimulating isolators. The connections were organized using a 5-ch interfacing box (Medtronic), and the output voltage and current were monitored in real time by viewing
the square waves using a digital scope. The effects were tested in ET patients targeting VIM using semi-macro electrodes (1x0.41 mm,
IOPSXXXX9CK1, FHC Inc.), and the evaluations were done using a gyroscope and also by subjective assessment by a neurologist in the
OR.

Results

Once the most effective track from 4 simultaneous passes (2 mm apart) were identified at a desired depth, the 2nd and 3rd stimulation
were added simultaneously. A much lower intensity (46.5% of control, n=8), 2.25 ± 1.03 volts vs. 4.84±1.56 volts (average ±SDV) was needed to produce the same efficacy as that single electrode when 2 electrodes (3 in some) activated simultaneously.

Conclusion

Simultaneously activating 2 electrodes across 2 mm of space significantly lowers the required voltage in producing the same efficacy, and
such a spatial summation would use minimum current to activate bigger target tissue with less side effects by selecting particular electrodes. This has implications for the work we did (2007) using dual thalamic deep brain stimulation leads, which rescued refractory essential tremors.
Yu H, Hedera P, Fang J, Davis TL, Konrad PE. Confined stimulation using dual thalamic deep brain stimulation leads rescues refractory
essential tremor: Report of three cases. Stereotactic and Functional Neurosurgery 87:309-313, 2009.
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Deep Brain Stimulation
Ultrasound Neuromodulation: Is it Direct Neural Activation or Vibratory Cochlear Activation of the
Brain?
Mark Hamilton II, MS1; Hongsun Guo, PhD student1; Cory Gloeckner1; Hubert Lim, PhD1; Sarah Offutt, PhD2; Yohan Kim, PhD2
1 University of Minnesota
2 Medtronic

Introduction

Ultrasound stimulation is emerging as a potential method for targeted and noninvasive modulation of the brain. However, its mechanism
of action is unknown. Based on our preliminary data in which ultrasound stimulation can massively activate the auditory pathways with
much lower intensities (<1-10 mW/cm2) than reported in literature for direct neural activation, we investigated if ultrasound may be activating the auditory brain through a cochlear pathway by vibrating the cerebrospinal fluid (CSF) that then vibrates the cochlear fluids (e.g.,
via a brain-to-cochlear aqueduct) and activates the auditory nerve.

Methods

Thirty-two site arrays were positioned within the auditory cortex and midbrain, visual cortex, or somatosensory cortex of ketamine-anesthetized guinea pigs. Ultrasound stimulation with different frequencies (0.22, 0.52, 0.90, 1.00 MHz) and pulse patterns were presented
over those cortical regions, on the skull, or on an exposed nerve of the hind limb while recording from the brain.

Results

Ultrasound stimulation of all cortical regions, different skull locations, and exposed leg nerve elicited strong activity in the auditory cortex
and midbrain with intensities as low as 1-10 mW/cm2. A gel channel was also created and ultrasound was applied to one end while the
other end was coupled to the fluids of the exposed leg or eyeball, in which strong auditory activity was still possible. Cutting the auditory
nerves bilaterally eliminated this auditory activity. These findings suggest that ultrasound stimulation is vibrating the CSF that reaches the
cochlear fluids and activates the auditory nerves to the brain. Activity in other cortical regions were observed but with higher ultrasound intensities that induce strong auditory activity comparable to very loud sound levels.

Conclusion

Previous studies report that ultrasound stimulation activates the brain but at intensities that can cause extremely strong activity in the auditory cortex and midbrain. Activity in other brain regions may be elicited through cross-modal projections from these activated auditory
neurons. The perception of loud sounds induced by ultrasound may elicit startle responses and thus motor movements in lightly anesthetized animals. Noninvasive neural recordings of different brain regions can be mixed with strong ultrasound-evoked auditory brain signals.
Further studies are needed to assess how much of the neural and behavioral responses reported in previous studies for ultrasound stimulation, at least in rodents, are caused or confounded by auditory-evoked effects, and if these auditory effects can be minimized during direct neural activation.
Funding: MnDRIVE, NSF IGERT DGE-1069104, and technical resources provided by Medtronic.
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Clinical Neuromodulation
A Fully Wireless System for Long-Term Cortically Controlled Functional Electrical Stimulation
Stephanie Naufel; Juan Alvaro Gallego, PhD; Kevin Bodkin, BS; Steve Lanier, MD; Lee Miller, PhD
Northwestern University

Introduction

Brain-machine interface (BMI) technologies have progressed in sophistication, yet many concerns remain to be addressed before they can
be translated to the clinic. Existing BMIs are only used intermittently for limited amounts of time. This limits clinical use and our ability to
address scientific questions. We have developed a long-term paralysis model and the means to restore movement by providing continuous, cortically-controlled functional electrical stimulation (FES) to monkeys in their home cage. This wireless system allows for neural and
EMG data collection, along with real-time control of FES.

Methods

We trained monkeys to perform grasping tasks, and subsequently implanted a microelectrode array (Blackrock Microsystems, Salt Lake
City, UT) into the hand area of motor cortex. We also implanted electrodes into the contralateral forearm and hand muscles to provide for
stimulation and recording. We implanted silicone cuffs around the median, ulnar, and radial nerves of the arm, to which we can deliver lidocaine via subdermal ports for temporary paralysis. Alternatively, we can deliver tetrodotoxin for long-term paralysis using an implanted
infusion pump.
We recorded neural activity wirelessly using an eight-antenna system from Blackrock Microsystems, and EMG activity using a 32-channel
system (Triangle BioSystems International, Durham, NC). We computed linear mappings, or “decoders,” between neural activity and the activity of individual muscles. The decoders translated neural activity into predictions of EMG, which we mapped to pulse-width commands
and transmitted wirelessly to a custom 16-channel stimulator (Ripple, Salt Lake City, UT).

Results

The stimulator provided wireless control using a ZigBee transceiver. It could deliver monopolar or bipolar currents up to 32mA driven by
±15V compliance voltage. Pulse-width and amplitude commands for each channel could be updated independently with an average latency of 12 ms (range 7-24ms). We used the wireless system to restore functional grasp by stimulating finger and wrist flexors during a median nerve block. The monkey used a power grasp to squeeze a pneumatic tube and generate varying levels of force. He could also pick
up treats and grasp a spoon to deliver food to his mouth.

Conclusions

Our system allows us to evaluate important aspects of long-term BMIs, with the aim of moving this technology toward clinical translation.
We are currently examining decoders built from long datasets of unconstrained behavior, and we intend to study neural plasticity along
with decoder adaptation as the monkeys use their prosthesis continuously for extended periods of time.
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Wireless Systems
Evaluation of the Invisible Spinal Cord Stimulation Trial System
Todd Stirman, RN; Janet Hargett, MS MBA; Holly Fontenot, CCRA; Delea Peichel; Adil Raza, MPH1
1 St. Jude Medical

Introduction

Traditional SCS trials consist of an external powered battery source utilizing lead(s) that are implanted percutaneously into the epidural
space and connected via external extension wires taped to the subject’s back. The Invisible Trial System (St. Jude Medical) allows for the
External Pulse Generator (EPG) and a separate patient controller to communicate wirelessly via Bluetooth using a touchscreen interface
(Apple® IPod®), eliminating the need for connector wires. The purpose of this study is to compare preference, user experience and satisfaction of the new Invisible Trial System with current marketed systems.

Methods

The US study was designed as a prospective, multicentered, IRB-approved, nonsignificant risk study comparing the Invisible Trial System
with the current marketed trial systems (St. Jude Medical/Boston Scientific/Medtronic). Screened and consented subjects were enrolled
and first trialed with a current marketed system and tested according to standard procedures. Halfway (2-5 days) through their evaluation
period, subjects had their current marketed system replaced with the Invisible Trial System. The primary endpoint was to evaluate subject’s overall preference for the trial systems. Secondary objectives included subjects’ and physicians’ experience and satisfaction with the
Invisible Trial System compared to current marketed systems. Subject satisfaction was evaluated using the System Usability Scale Score
(0-100 scale in which higher scores represent greater usability). Safety data was also collected and evaluated throughout the study. Programming for all devices was performed by trained personnel throughout the study.

Results

Eighty-nine subjects (63% females) consented and were enrolled with 75 of those subjects completing the study. At the end of the study,
66 out of the 75 subjects (88%) preferred the Invisible Trial System over the current marketed systems (95% CI= 78.4, 94.4). Using the System Usability Scale subjects reported, on average, an improvement in their device usability from 76.4 ± 20.1 with current marketed systems to 90.4 ± 13.4 when switched to the Invisible Trial System. Around 91% (n=68) of physicians preferred the Invisible Trial System over
the current marketed systems (95% CI = 81.7, 96.2). Overall, 96% of physicians and 91% of subjects were either satisfied or very satisfied
with the Invisible Trial System. A total of 11 (12.4%) adverse events were reported during the study with only one event being reported after subjects switched to the Invisible Trial System.

Conclusion

Our results show that both subjects and physicians preferred the Invisible Trial System and were more satisfied with the new system
when compared to currently marketed trial systems.
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Wireless Systems
Comparison of Neural Activity During Tonic and Burst Spinal Cord Stimulation: A SUNBURST
Substudy
Thomas Yearwood, MD PhD1; Steven Falowski, MD2; Lalit Venkatesan3; Sven Vanneste, PhD4
1 Pain Consultants ASC
2 St. Luke’s Health Network
3 St. Jude Medical
4 The University of Texas at Dallas

Introduction

Burst spinal cord stimulation (SCS) is a novel stimulation paradigm that provides pain relief by reducing or eliminating paresthesia commonly observed with conventional tonic stimulation. Comparison of the central neural activation patterns during tonic and burst stimulation has the potential to further our understanding of the differences in neural processing as well as the underlying mechanisms involved
in modulating the perception of pain. In this study, we aim to elucidate the differences in neural activity evoked during tonic and burst
stimulation and also assess its corresponding correlation with patient reported pain scores.
Methods
This prospective, multicenter, randomized, open label, crossover study is a substudy (n=8) of the SUNBURST trial (N=100). In the SUNBURST study, patients were randomized 1:1 to receive either tonic or burst stimulation (SJM Prodigy™ neurostimulation system) for 12
weeks. At the end of 12 weeks, patients crossed over from burst to tonic stimulation or vice versa. In this substudy, patients completed
Visual Analogue Scale Pain Questionnaire (VAS) and Pain Vigilance and Awareness Questionnaire (PVAQ) assessments, and underwent
18-fluorodeoxyglucose-Positron Emission Tomography (PET) scans at baseline (prior to implant). These assessments were repeated at
the 10- and 22-week follow-up visits. Statistical Parametric Mapping 12 was used to analyze the PET images and to evaluate neural activity differences during tonic and burst stimulation.
Results
One-way ANOVA comparisons further demonstrated a significant increase in metabolic rate (F=2.64, p<.01) in the premotor and supplementary motor cortex activity during both tonic and burst stimulation compared to baseline (Figure 1, left and mid panels). Significant increase (Figure 1, mid panel) in metabolic rate was also observed in the dorsal anterior cingulate cortex during burst stimulation compared
to baseline. There was a significant increase (F=2.64, p<.01) in neural activity during burst stimulation when compared to tonic in the sensorimotor, anterior cingulate, and posterior cingulate cortex as well as decreased activity in the subgenual anterior cingulate cortex (Figure
1, right panel).
Conclusion
Burst stimulation appears to have an enhanced modulatory effect in the lateral and medial pain pathways that are involved in processing the sensory and emotional components of pain, respectively. This suggests an inherent difference in the central neural mechanisms
during burst and tonic stimulation which could potentially alter the patient’s perception of pain.
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Clinical Neuromodulation
Nanostructured Platinum—A Competitive Material for Neural Stimulation and Recording
Christian Boehler; Thomas Stieglitz; Maria Asplund
University of Freiburg

Introduction

It is a well-known fact that roughening an electrode provides the opportunity to elevate its efficiency for recording and stimulation without
enlarging its actual geometrical area. Various coatings have been employed in order to exchange smooth electrodes for roughened ones,
resulting in surface structures down to the submicrometre scale. Examples are platinum-black, poly(3,4-ethylene dioxythiophene) (PEDOT)
and iridium oxide (IrOx).
One important aspect of such electrode modifications is their future perspective for clinical use. Their actual applicability is often hampered by the costly process required for clinical approval. Furthermore, the complexity level of production and evaluation increases with
every new layer and material to be integrated with the device. Far better would be if a roughened structure could be provided using only
the standard substrate metal of the electrode itself and be added subsequent to the device fabrication. We here show that this is indeed
possible using a newly developed method for electrodeposition of nanostructured platinum (Pt).

Methods

The potentiostatically controlled process leads to a highly roughened structure of pure Pt with homogenous coverage on substrates of
various shape and size. The method was tested on a selection of probe types, from thin film polyimide flexible probes, silicon based shaft
electrodes to laser structured flexible devices based or Parylene C.

Results

It could be shown that the nanostructured Pt resulted in astonishing impedance reduction (more than a factor 50) and the effect was proportional even down to electrodes as small as 10 µm in diameter. Furthermore, the charge injection capacity was substantially increased
as evaluated by charge balanced bi-phasic pulsing. The structures were found to be both electrochemically and mechanically stable.
For all device types we were able to show that the electrochemical surface enlargement successfully contributed to increased efficiency
of the pristine electrodes. Furthermore the deposition was limited to connected electrode sites only while all other surfaces remained unaffected. The process was overall compatible with the range of probe types under evaluation.

Conclusion

In summary, we here present a straightforward method for highly efficient area enlargement of Pt-based electrodes of various types. The
process was fast, reliable and performed equally well regardless of size and substrate. The outcome was found competitive to state-ofthe-art coatings such as IrOx and PEDOT. We suggest that the opportunity, to accomplish such advanced function without introducing additional elements, will be a substantial benefit paving the way for future clinical application.
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Electrodes
Removal of Targeted Pathways on Blood-Derived and Not Brain-Derived Immune Cells Improves
Intracortical Recordings
Hillary Bedell; Madhumitha Ravikumar, PhD; Shushen Lin; Ashley Rein, BSE Candidate; Jeffrey Capadona, PhD
Case Western Reserve University

Introduction

Action potentials from individual neurons can be recorded from intracortical microelectrodes affording these devices much potential in
basic research and rehabilitation applications. Unfortunately, the quality of the neural signal decreases over time. Neuroinflammatory
mechanisms play a major role in intracortical microelectrode failure. Two of the biological pathways that contribute to the failure of these
devices are the breakdown of the blood brain barrier with subsequent myeloid cell infiltration and the Cluster of Differentiation 14 (CD14)
pathway. CD14 is a key coreceptor involved in the recognition of extravasated serum proteins and cellular damage in the brain resulting
from intracortical microelectrode implantation. This work aims to delineate the role of the CD14 pathway on infiltrating macrophages versus resident microglia.

Methods

Bone marrow chimera mice were used to selectively inhibit CD14 from either resident microglia or infiltrating myeloid cells. Intracortical
microelectrodes were implanted into wild type (WT) C57/BL6, CD14 knock out mice (Cd14-/-), and bone marrow chimera mice (Cd14-/-+
WT bone marrow and WT + Cd14-/-bone marrow). To evaluate the long-term stability of intracortical microelectrode performance, Cd14-/, bone marrow chimera mice (Cd14-/- + WT bone marrow and WT + Cd14-/-bone marrow) and WT control mice w[JC1]ere implanted with
functional intracortical Michigan style microelectrodes in the forelimb-associated motor cortex. Electrophysiological recordings were obtained twice a week to assess function of the electrode. The percent of channels of the electrode that are recording single units and number of single units per channel were tracked over time for 16 weeks post implant as metrics of recording quality. Two weeks post implantation, microglia/macrophage activation, astrocytic encapsulation, blood-brain barrier disruption, and neuronal dieback was assessed via
immunohistochemistry.

Results

After two weeks, inhibiting CD14 on myeloid cells and not resident microglia reduced blood-brain barrier permeability and increased neuroprotection. Up to 10 weeks, the four conditions demonstrated comparable percent of channels recording single units for a given day. However, about 10 weeks after implant, the percent of channels recording single units for WT mice significantly decreases compared to Cd14-/and the two chimeric conditions. Interestingly, the percent of channels recording single units does not significantly decrease over time for
the WT + Cd14-/-BM mice.

Conclusion

Our study identifies a clear link between specific inflammatory/immunity pathways and the long-term performance of intracortical microelectrodes. Further, our results suggest that systemic administration of therapeutic agents to inhibit the CD14 receptor-mediated pathway
from blood-derived cells can be sufficient to improve chronic intracortical electrode performance.
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Brain Computer/Machine Interface
Vagus Nerve Stimulation Reduces Traumatic Hemorrhage via Spleen and α7nAChR Signaling in
Platelets
Jason Fritz1; Shilpa Shukla, MBBS2; Susmita Sarangi, MD1; Hannah Hoffman, MD3; Meghan Addorisio, BS1; Crystal Kyaw, BA3; Christopher
Czura, PhD1; Kevin Tracey, MD1; Jared Huston, MD FACS4
1 The Feinstein Institute for Medical Research
2 Cohen Children’s Medical Center
3 Hofstra University
4 NorthShore University Hospital

Introduction

The most common preventable cause of death following trauma is uncontrolled hemorrhage. Effective clinical systemic therapies to treat
traumatic bleeding remain limited. The inflammatory reflex protects against systemic inflammation following injury. This vagus nerve-mediated pathway inhibits cytokine production via spleen and the α7 nicotinic acetylcholine receptor (α7nAChR). We recently described
that vagus nerve stimulation (VNS) reduces bleeding and increases local thrombin production following ear laceration in pigs (CJ Czura,
Shock, 2009). The essential molecular and anatomic components underlying this phenomenon are unknown. Here we use a mouse tail
hemorrhage model to elucidate essential molecular and cellular components of this vagal pathway, termed the neural tourniquet.

Methods

Male aged 8-12-week-old mice (C57BL/6J, α7KO or wild-type littermates) received vagus nerve stimulation (1V, 30Hz, 2 ms, 1 min) or
sham stimulation five minutes prior to injury. In separate experiments, blood from vagus nerve or sham stimulated mice was challenged
ex vivo with platelet agonists thrombin and ADP. To quantify platelet activation, surface expression of P-selectin and glycoprotein IIb/IIIa
was determined by flow cytometry. Blood samples were also submitted for evaluation by standard clinical hematological testing. To evaluate the role of the spleen, mice underwent splenectomy or sham surgery and allowed to recover for six weeks prior to VNS or sham stimulation and tail injury.

Results

Vagus nerve stimulation significantly reduces tail bleeding time. Vagus nerve stimulation also increases thrombin-activated platelet expression of P-selectin and glycoprotein IIb/IIIa. Blood cell counts, platelet count and PT/PTT times remain unchanged following vagus
nerve stimulation. Vagus nerve stimulation fails to control bleeding in the absence of a spleen or in α7nAChR knock-out mice.

Conclusion

These findings suggest that spleen and α7nAChR signaling in platelets is essential to the neural tourniquet. Additional clinical studies are
necessary to evaluate cholinergic stimulation as a therapy for traumatic hemorrhage.
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Bioelectronic Medicine
Surface Electrical Stimulation to Evoke Realistic Sensations
Katharine Polasek, Brooke Draggoo, Kathleen Finn, Jessica Gaines, Payton Hoff
Hope College

Introduction

Electrical stimulation is increasingly relevant in a variety of medical treatments. A noninvasive method to target specific neural functions
would make such treatments more accessible and acceptable to patients. The overall goal of this research is to develop techniques to reliably evoke natural sensation, with an initial aim of alleviating phantom limb pain. The specific work reported here focuses on stimulation
waveforms to evoke natural sensations and development of a computer model to design a clinically viable stimulation array.

Methods

Surface electrical stimulation was applied to the median and ulnar nerves at the elbow and the common peroneal nerve at the knee to produce sensation in the hand or foot. The rubber hand illusion was used to quantify the authenticity of the evoked sensations. A total of five
rubber hand illusion trials were performed on each subject: traditional trials done by a human investigator tapping on both the real hand
and the rubber hand and artificial trials using surface electrical stimulation to evoke a tapping sensation in the real hand while a robot
tapped on the rubber hand. Data collected included: questionnaire responses, proprioceptive drift, and temperature changes of the arm.
The results were compared to determine if a significant difference was present between the illusions that involved actual touch and the
ones that involved stimulated touch.
In order to predict the effect of electrode size and location on activation of the median nerve, an anatomically-based, three-dimensional finite element model of the elbow was created. In addition, axon models were developed that take into account differences between motor
and sensory axons. The models were validated using experimental data.

Results

When evaluating evoked tapping sensations, a less realistic illusion was obtained than when an experimenter physically tapped on the
hidden hand; however the stimulated sensation produced a better illusion than the control. The computer models predicted activation of
the nerve at similar voltages to what was found experimentally. They also predicted a slightly lower threshold voltage for a sensory axon
than a motor axon at a given fiber diameter. This is consistent with experimental results where sensation can be obtained prior to muscle
contraction.

Conclusion

These results demonstrate the potential for using this combination of surface electrical stimulation and simultaneous visual feedback as
a future therapy for phantom limb pain. Future work includes using finalized models to design an adjustable electrode array to simplify a
clinical system.
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Peripheral Nerve Interfaces
Neurophysiological, Psychophysical and Electrochemical Assessment of Intracortical
Microstimulation Stability in Human Somatosensory Cortex
Sharlene Flesher1; Jeffrey Weiss1; John Downey, BS1; Samuel Waters1; Elizabeth Tyler-Kabara, MD PhD1; Sliman Bensmaia, PhD2; Andrew
Schwartz, PhD1; Michael Boninger, MD1; Jennifer Collinger, PhD1; Robert Gaunt, PhD1
1 University of Pittsburgh
2 University of Chicago

Introduction

Intracortical microstimulation (ICMS) of the primary somatosensory cortex (S1) has the potential to deliver somatosensory feedback to
brain-computer interface users. To be a viable option, percepts elicited by ICMS and the electrode-tissue interface must remain stable over
the lifetime of the implant.

Methods

A participant with a chronic spinal cord injury was implanted with two iridium-oxide coated stimulating microelectrode arrays (MEAs) in
S1. Neural recordings, 1 kHz impedance measurements and standardized stimulation paradigms were performed during each test session. For all pulse trains, the amplitude, number of pulses, and frequency were recorded to monitor amount of charge delivered, and the interphase voltage was tracked and recorded in real-time to monitor electrode stability. Further, ICMS detection thresholds were measured
using psychophysical techniques and percepts elicited by ICMS were characterized over the course of 12 months by performing regular
surveys of all electrodes. During these surveys, a 1-second pulse train of supraliminal intensity (60 µA) was delivered to each electrode.
The participant verbally reported when a sensation was detected and described the location and quality of the evoked percept. To verify that ICMS did not affect the participant’s natural ability to perceive stimuli in the regions of skin targeted by the MEAs, the participant’s
threshold for detecting electrical stimulation was measured both before and periodically after implant of the MEAs.

Results

The amount of charge delivered did not impact the ability of the electrodes to record spikes over time across the 12-month experimental
period or electrode impedances. Detection thresholds were generally stable; of the 32 electrodes with more than three detection threshold measurements, seven electrodes had slopes that were significantly different from zero. Of these, three had negative slopes. This suggests that detection thresholds were not globally increasing. Over the study period, the number of electrodes that responded during the 60
µA survey increased from an average of 17.8 the first three months of the experiment to an average of 36.7 for the last three months. The
participant’s ability to perceive peripheral stimuli remained unchanged, as measured by electrical stimulation detection thresholds.

Conclusion

These results suggest that ICMS is safe, in that it does not damage the electrode-tissue interface or negatively impact the participant’s residual sensation. ICMS has been shown to be a stable feedback source over the 12 months it was tested, showing viability as a potential
long-term feedback source.
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Neural Prosthesis
Thoracic Radiculopathy Following Spinal Cord Stimulator Implantation Treated With Corticosteroids
Ryan Holland; Ritam Ghosh, MD; Antonios Mammis, MD
Rutgers—New Jersey Medical School

Introduction

We present a case series of two patients implanted with spinal cord stimulators who developed thoracic radiculopathy following implantation that resolved with corticosteroids. Spinal cord stimulation (SCS) has been used since 1967 to manage chronic neuropathic pain. Although effective, the literature describes the complication rate to be as high as 35%. One rare complication following SCS implantation is
the development of radicular pain. Although this complication was previously thought to require surgical intervention, this case series describes the use of corticosteroids to resolve postimplantation thoracic radiculopathy.

Methods

Two patients were studied in this case series who received permanent thoracic implantation of a paddle lead spinal cord stimulator. Several days later, both developed back pain radiating towards the umbilicus in a dermatomal pattern consistent with thoracic radiculopathy.
Corticosteroids were administered to relieve this pain. One received 6 mg dexamethasone IV q6h followed by an oral dexamethasone taper for 1 week. The other was treated with an oral methylprednisolone taper for 2 weeks.

Results

Upon follow-up, both patients no longer complained of the thoracic radiculopathy and were satisfied with the pain relief the stimulators
provided.

Conclusion

In conclusion, postsurgical radicular pain is a rare but troubling complication of SCS implantation. In order to avoid further surgical complications or the need to explant a device that provides satisfactory paresthesia coverage, pharmacological management is desirable. This
case series has demonstrated that the use of corticosteroids can effectively resolve postimplantation thoracic radicular pain in a specific
subgroup of patients.

127 | A Joint Meeting of NANS & NIC | June 25–29, 2016

Clinical Neuromodulation
Development of Coupled Finite Element Analysis and Cellular Models for Dorsal Root Ganglion
Stimulation
Xiaoyi Min, PhD; Jeff Kramer, PhD; Alexander Kent, PhD
St. Jude Medical

Introduction

Clinical studies have demonstrated the effectiveness of dorsal root ganglion (DRG) stimulation over traditional spinal cord stimulation
(SCS) to relieve chronic back and lower limb pain. However, the underlying mechanisms of DRG stimulation are not fully understood, limiting the full optimization of this therapy. The goal of this work was to develop coupled finite element analysis (FEA) and cellular models for
exploring mechanisms of DRG stimulation, including the effect of stimulation waveform on DRG activation.

Methods

FEA and cellular models were coupled to determine the effect of applied electrical fields on DRG neurons. First, the FEA model was built
using ANSYS Maxwell 3D by implementing relevant anatomical structures near the lower thoracic and lumbar region. Second, a population of A-and C neurons was randomly distributed within the DRG and dorsal root. The neurons consisted of a soma, myelinated axons,
and a T-junction formed by the intersection of stem, peripheral, and central axons. Third, the FEA-calculated electrical potentials generated with DRG stimulation were interpolated at the locations of the modeled neurons. Fourth, biophysical circuit-equivalent models of A- and
C-neurons were built using NEURON software. The interpolated potentials were applied in the cellular model as single extracellular stimulation pulses, with specified amplitude, pulse width, and frequency. As an example, the coupled model was used to investigate the effect
of stimulation waveform on neuronal activation. Two adjacent contacts on the AxiumTM lead were used to deliver bipolar stimulation, with
one contact centered above the DRG and the second contact located over the central dorsal root. The stimulation parameters were 150
μA amplitude, 200 μs pulse width, and 20 μs intra-pulse delay (biphasic waveforms only).

Results

Changes in the stimulation waveform altered the extent and location of DRG neuronal activation. Monophasic stimulation activated 13%
and 16% of DRG neurons with the cathode or anode placed near the DRG, respectively. Biphasic waveforms increased the extent of activation, with 30% and 18% of neurons activated with cathodic- or anodic-phase first waveforms, respectively. We found that anodal stimulation primarily activated stem axons in the DRG. Additionally, we observed that when the stem axons were removed, the number of neurons
activated was decreased by 15% and 21% with the cathodic- and anodic-phase first biphasic waveforms, respectively.

Conclusion

The coupled DRG model provides a tool to study the mechanisms of DRG stimulation, optimization of stimulation waveforms, guiding programming stimulation parameters on neuronal activation, and facilitating lead designs.
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Models and Stimulation Paradigms
Safe Direct Current Stimulation for the Treatment of Chronic Peripheral Pain
Fei Yang, MD PhD; Yun Guan, MD PhD; Gene Fridman
Johns Hopkins University

Introduction

Electrical neuromodulation is an important strategy for treating chronic pain conditions that are refractory to pharmacotherapies. However, currently available neurostimulation pain therapies such as spinal cord stimulation (SCS) are associated with limited efficacy and side
effects. We are developing a safe direct current stimulator (SDCS) that can modulate neuronal activity by using ionic direct current (iDC)
for the first time. Unlike the conventional neural stimulation systems that communicate with the nervous system with biphasic pulses to
avoid tissue damage at the metal tissue interface, SDCS converts pulses delivered to the metal electrodes inside the implantable device to
deliver iDC at its output to excite, suppress, or sensitize neural tissue with extracellular potential.

Methods

In an anesthetized rat model (Panel A, right), we exposed the sciatic nerve in the leg and also the spinal cord at the L4, L5 dorsal root entry
region. We delivered 5mA, 2ms test electric shock (“Pain Stim”) to the distal end of the sciatic nerve intended to depolarize all neurons in
the nerve, while we recorded from a wide dynamic range (WDR) neuron that receives input from both the non-noxious A and the pain-carrying C/delta peripheral fibers. This setup allowed us to detect which fibers would be blocked by application of iDC through a salt-bridge
micro-catheter to the middle portion of the sciatic nerve to simulate the SDCS stimulation delivery method. Which types of neurons are
blocked by the application of iDC could be observed by the time-of-arrival of action potentials after the shock presentation. The sensory information, carried by the fast large caliber A-fibers would arrive within 75 ms after the shock presentation, while the pain signals carried by
the slow delta and C-fibers would arrive between 100 ms and 400 ms after the shock presentation.

Results

Panel B shows the example recording from a WDR neuron as cathodic iDC was applied to the block neural transmission. Panel C shows a
cumulative response from 8 experiments with increased cathodic iDC intensity. Surprisingly and consistently the pain component of the
transmission was preferentially suppressed by iDC delivery.

Conclusion

Our studies provide promising evidence that iDC applied at peripheral nerves could induce an effective and reversible inhibition of neural
activity in pain pathways. Intriguingly, iDC (and by extension an implantable SDCS) may be optimized to preferentially inhibit “pain” signals,
while allowing the other nerve signals to pass, thus avoiding potential paresthesia—an unavoidable side effect of SCS.
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Clinical Neuromodulation
Developing a Microfluidic Device for Safe DC Stimulation
Patrick Ou1, Annie Mao1, Kevin King2, Gene Fridman1
1 Johns Hopkins University
2 University of Pittsburgh

Introduction

We are developing a safe direct current stimulator (SDCS) device, which applies ionic direct current (iDC) to inhibit, excite, or modulate
the sensitivity of neural tissue by controlling the extracellular potential. This device enables a new class of chronically implanted neural
prostheses that can overcome traditional challenges of charge injection limit and electrochemical reactions at the electrode-tissue interface. The SDCS, shown in two states in Panel A, delivers AC pulses to electrodes suspended at the opposite ends of a torus filled with ionic solution. Two extension tubes connected to the sides of the torus are directed into the tissue to complete the circuit. With each change
in stimulation polarity, the valves on either side of each electrode change from open-to-closed and closed-to-open, switching the direction
of current flow through the microfluidic channels so that the output direction across the tissue is constant. This design is the basis for
our microfluidic system, which we have demonstrated previously as a technological proof of concept and develop here as a miniaturized
prototype.

Methods

We focused on three requirements for a chronic neural prosthesis: implantable size, longevity, and safety. To achieve miniaturization, we
used replica molding with a polydimethylsiloxane (PDMS) substrate and a 3D-printed master in order to fabricate saline-filled microfluidic
channels and valves. Building on the work of Vyawahare et al., we designed nitinol actuators which loop over the valves, overcoming fundamental restrictions on the stress and strain of the nitinol wire by modifying the durometer of the PDMS and designing valve architectures that minimize the force needed for closure to ensure long-term performance. A PIC microcontroller controls these valves by selectively allowing current through the nitinol wires, inducing contraction and pinching the valve shut (Panel B). In order to avoid unsafe electrochemical reactions, we fabricated our electrodes from 7 cm of coiled PtIr wire to ensure that the electrode-saline interfaces remained
below the charge injection limit.

Results

Panel C shows the prototype of our device, which measures 30 x 30 x 30 mm. We tested a single valve operation for >500,000 cycles. The
device consumes 0.255 W plus 0.073 W per closed valve.

Conclusion

Our work suggests that it is possible to implement SDCS on a small implantable scale. Further improvements in valve performance and
size reduction will continue to enhance the potential of the SDCS for chronic neural prosthesis applications.
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Neural Prosthesis
A Real-Time ‘Neurotransmitter Clamp’ for Systematically Probing Brain Networks by Controlling In
Vivo Dopamine Release
James Trevathan, BA1; Hyung Park1; John Bartoletta1; Luis Lujan, PhD1; Kendall Lee, MD PhD
1 Mayo Clinic

Introduction

Significant research efforts have revealed that pathologic changes in neurochemical signaling are critically involved in many neurologic and psychiatric conditions. However, little is known about how changes in neurochemical signaling relate to symptom presentation or
amelioration with treatment. To fully understand these relationships, it is paramount to implement techniques that can systematically
characterize and modulate neurochemical responses in the context of neural disease and therapeutic response. Here we describe a neurochemical control system, analogous to a “neurotransmitter clamp,” which can be used to systematically probe neural activity across
brain networks by controlling neurotransmitter release within specific brain regions.

Methods

We implemented a control system for modulating striatal dopamine levels in a rodent model of electrical stimulation. We first utilized fast
scan cyclic voltammetry (FSCV) to measure real-time in vivo striatal dopamine evoked during short bursts of high frequency (ie, 90 Hz)
electrical stimulation of the medial forebrain bundle (MFB) in anesthetized rodents. Second, we used parametric models to characterize
the kinetics of evoked striatal dopamine release. Third, we trained a multilayer feed forward artificial neural network (ANN) to predict stimulation parameters required to evoke target dopamine release. To evaluate the controller, we used this ANN to automatically predict and
adjust (in real-time) the stimulation parameters required to evoke target dopamine levels.

Results

ANNs trained on parametric models of dopamine release were able to learn the nonlinear relationship between electrical stimulation and
corresponding stimulation-evoked neurochemical responses (R2 = 0.88). Additionally, these ANN controllers accurately predicted stimulation parameters required to control dopamine levels in five rodents (R2 = 0.80).

Conclusion

The neurotransmitter clamp described herein can be used to implement control strategies capable of sustaining in vivo dopamine release
in a dynamic brain environment. This real-time in vivo neurotransmitter clamp is based on FSCV and ANNs and can be used to study the
effects of neurotransmitter modulation at specific nodes within neural circuits associated with neurologic and psychiatric disorders. This
will lay the groundwork for the development of next generation neuromodulation therapies that take advantage of neurochemical feedback. In turn, these control strategies may allow for individualized optimization of therapeutic effects by modulating neurochemical signaling within specific neural circuits.
Funding: This work was supported by the National Institutes of Health NINDS (R01NS084975 award to JLL, and R01 NS 75013, R01 NS
70872 awards to KHL), and The Grainger Foundation.
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Deep Brain Stimulation
Electrodeposited Platinum-Iridium Films With Tailorable Pt:Ir Ratios for Improved Mechanical Properties
Curtis Lee1; James Yoo, BS1; Eugene Yoon, PhD Student1; Artin Petrossians2; James Weiland Professor1
1 USC
2 Platinum Group Coatings

Introduction

Platinum-iridium alloys are used for exposed surfaces of biomedical sensors and neural recording and stimulating electrodes due to their
low impedance, corrosion resistance, and mechanical stability. Platinum, in particular, is inert, can transfer charge through reversible reactions, and can be deposited with a high surface area, such as platinum black. However, platinum black is mechanically weak, and therefore platinum is often alloyed other metals such as iridium to strengthen the film. Iridium is harder than platinum and—in the form of iridium oxide—is also widely used for coating electrodes due to its ability to transfer charge through reversibly transitioning through multiple
oxidation states.
Previous work demonstrated the deposition of high surface area, platinum-iridium films with a Pt:Ir weight percent (wt%) ratio of approximately 60:40 using electrodeposition with an electrolyte solution containing equal molar ratios of Pt and Ir salts. The electrochemical
properties of these films were characterized using electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). Electrodeposition is favorable to other methods of Pt and Ir deposition, such as sputtering, because it can be done outside of a clean room at room
temperature, under atmospheric pressure with a relatively simple electrochemical setup.

Methods

In the current work, electrolytes with varying ratios molar ratios of Pt and Ir salts were used to electrodeposit platinum-iridium films with
varying platinum-iridium wt% ratio to obtain alloys with various mechanical properties while maintaining favorable electrochemical properties. To measure the composition and electrochemical properties, Pt:Ir films were deposited onto gold-coated glass slides and characterized using energy-dispersive X-ray spectroscopy (EDS), EIS, and CV. To measure the mechanical properties, Pt:Ir films were deposited onto
75 µm thick strips of polyimide (coated with ebeam deposited Cr/Au) and bent between two acrylic plates to a diameter of 1.5 mm.

Results

EDAX confirmed that films with wt% platinum from 20%-80% could be deposited, and EIS and CV showed that coatings with various wt%
Pt and Ir had similar electrochemical properties, except at extreme molar ratios where films did not adhere to the substrate. Films with
higher percentages of Pt had 30% less cracking than films with higher Ir content.

Conclusion

This work demonstrates the versatility of electrodeposition to deposit Pt:Ir alloys with a range of Pt and Ir wt%, as well as the potential of
altering the mechanical properties of electrodeposited Pt:Ir films while maintaining a high surface area morphology and low impedance.

133 | A Joint Meeting of NANS & NIC | June 25–29, 2016

Figure 1:

134 | A Joint Meeting of NANS & NIC | June 25–29, 2016

Electrodes
ECoG-based Identification of Motor Imagery-Associated Cortex: Application for Motor
Rehabilitation
Milena Korostenskaja

Introduction

Motor rehabilitation is the classic goal of brain computer interface (BCI) research. Indeed, in those with compromised skeletal and/or motor system function, a BCI may be used as a substitute to overcome functional deficit. Motor imagery-based BCIs (MI-BCIs) detect brain
signals associated with motor imagery to trigger feedback (eg, electrical stimulation) or to control prosthetic devices (eg, hand orthosis) that can be successfully utilized for rehabilitation purposes. The performance of MI-BCIs highly depends on the selection of MI-related brain signals. However, the findings concerning MI-related neural substrates still remain controversial. Whereas some studies demonstrate a clear involvement of primary motor cortex (M1) in MI, other studies do not find this to be the case. Other activations related to
MI, such as the ones localized in pre-motor, frontal and parietal cortex have been reported. In this electrocorticography (ECoG) study we
aimed to characterize the areas associated with MI and make inferences about their possible role in MI-BCI-based rehabilitation.

Methods

The study was performed in 5 patients (3F, average age 24.6 yo, SD 15) with intractable epilepsy, undergoing invasive evaluation for epilepsy surgery. The 128-channel ECoG signal was recorded in each study participant during real movement (RM) and motor imagery (MI)
tasks of opening and closing their hand—contralateral to the ECoG grids placement hemisphere.

Results

The cortical areas involved in MI differed from those involved in RM. Overall, the detected task-associated changes in ECoG signal were
less robust during MI when compared with RM. The localization of task-related ECoG signal changes was more widespread during MI
when compared to focal signal changes during RM. Although hand motor activation during RM was clearly localized in the primary motor
cortex in all study participants, the MI-associated cortical activation was not universal. Only 2 from 5 study participants demonstrated the
same M1 activation during MI as observed during RM. One participant failed to exhibit significant cortical activation during MI. Other than
primary motor cortex activations included prefrontal, frontal and parietal areas.

Conclusion

The neural MI substrates are not universal and might vary on individual basis. The assessment of individual MI-related cortical activation
patterns and utilizing them to improve MI-BCI performance are therefore recommended. The utilization of signals from MI-related substrates different than M1 can be of high importance for MI-BCI-based rehabilitation of patients with damaged/affected M1. Examples include stroke patients or those after functional hemispherectomy.
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Brain Computer/Machine Interface
Robust Online Control of a Humanoid Robot Using Electrocorticography and CSPs in a MotorImagery BCI
Christoph Kapeller, MSc1; Pierre Gergondet, PhD2; Kyousuke Kamada, MD3; Johannes Gruenwald, MSc1; Rupert Ortner, MSc1; William Coon4;
Abderrahmane Kheddar2; Christoph Guger1
1 g.tec medical engineering GmbH
2 CNRS-AIST Joint Robotics Laboratory
3 Asahikawa Medical University
4 g.tec neurotechnology USA Inc.

Introduction

Decoding brain activity could lead to a powerful brain-computer-interface (BCI) that allows for the continuous, intuitive control of devices like robots. Continuous control in non-invasive BCIs (e.g., BCIs based on electroencephalography, EEG) has been difficult to achieve because of the lack of a reliably classifiable “idle” state. Electrocorticographic (ECoG) signals, ie, signals recorded directly from the surface of
the brain, allow for robust feature extraction and the introduction of an idle state as a control signal. Common spatial patterns (CSP) provide a powerful tool for feature optimization and dimensionality reduction, especially for multichannel ECoG recordings. Thus, CSP methods applied to ECoG recordings should enable highly effective, continuous BCI control. Here, we present results in support of this hypothesis from an ECoG/CSP motor imagery (MI) BCI that allows triggering from an idle state, thereby facilitating teleoperation of an HRP-2 humanoid robot (Kawada Industries, Japan).

Methods

The experiment contained two to six runs separated into three phases, (i) training (R0), (ii) online classification with a feedback bar (R1
and R2) and (iii) online classification with robotic feedback (R3, R4 and R5). Each run consisted of 20 active trials to lift a can and 20 idle
trials. Four subjects who had high-density subdural grids (20–60 channels) implanted over the motor cortex participated in the study. Data
were sampled with 1200 Hz and band pass filtered at 0.5-500 Hz. After each run the best two feature-enhancing and -suppressing CSPs
were determined for the frequency band of 8-32 Hz and a linear classifier was computed based on the band power values of a 1.0s signal
buffer.

Results

In this continuous control experiment, subjects achieved a mean online accuracy of 94.6% over the course of two to six runs (number of
runs differed according to subject).

Conclusion

MI-based ECoG BCIs provide a reliably classifiable idle state, which is crucial for accurate, continuous control of a device. This work could
lead to more sophisticated robotic BCIs that can be intuitively operated under continuous control conditions.
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Brain Computer/Machine Interface
Effect of Lead Position on Neural Recruitment During Dorsal Root Ganglion Stimulation: Computational Modeling Analysis
Alexander Kent, PhD; Jeffery Kramer, PhD; Xiaoyi Min, PhD
St Jude Medical

Introduction

A clinical study demonstrated superior pain relief for dorsal root ganglion (DRG) stimulation over traditional spinal cord stimulation (Levy
2015). Large variability in the DRG stimulation amplitude was observed across patients, which may be related to differences in lead placement. The goal of this work was to investigate the effect of AxiumTM DRG lead position on neuronal recruitment using coupled finite element analysis (FEA) and cellular models.

Methods

The FEA model was built in Maxwell3D and implemented relevant anatomical structures. The four-contact lead was placed along the DRG
midline and delivered bipolar stimulation. The first lead position (P1) used contact 2, centered 0.15mm cranial to the DRG, and contact 3
over the dorsal root (DR). The second lead position (P2) was characterized by a 3mm medial lead shift from P1, and used contacts 1 and
2 to straddle the DRG, while the third position (P3) had the same lead position as P2 but used contacts 3 and 4 above the DR. Additional
lead positions were generated by shifting the lead dorsally away from the DRG by 3mm (P1’, P2’, P3’). Within the DRG and DR, 346 mammalian Aβ-neurons were randomly distributed, consisting of a soma, myelinated axons, and T-junction. The electrical potentials from FEA
were coupled at the locations of the modeled neurons, and applied in a cellular model as a single biphasic stimulation pulse (150 μA amplitude, 200 μs pulse-width, 20 μs intrapulse delay).

Results

Recruitment of DRG neurons was assessed for different lead positions. With cathodic-first stimulation delivered to the distal contact, 30%
and 72% of neurons within the DRG were recruited for P1 and P2, respectively. After the lead was moved dorsally, neuronal recruitment decreased to 1% and 37% for P1’ and P2’. Using anodic-first stimulation, 18% and 56% of neurons were recruited for P1 and P2, and this decreased to 1% and 29% following a dorsal shift (P1’ and P2’). With both electrodes placed above the DR (P3), 3% of neurons were recruited
for both cathodic- and anodic-first stimulation, and this decreased to 0% with the dorsal shift (P3’).

Conclusion

Stimulation contacts that straddled the DRG generated greater recruitment than placement of a single contact over the DRG or both contacts over the DR. Moreover, dorsal shifts in the lead position led to declines in recruitment. This indicates the importance of contact
placement near the DRG for maximal recruitment, and may influence future lead designs.
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Models and Stimulation Paradigms
recoveriX: BCI-based Rehabilitation Therapy for Persons with Stroke
Danut Irimia1; Nikolaus Sabathiel, MSc1; Rupert Ortner, MSc1; William Coon2; Brendan Allison, PhD1; Christoph Guger Dr1
1 g.tec medical engineering GmbH
2 g.tec neurotechnology USA Inc.

Introduction

A brain-computer interface (BCI) can analyze brain activity to control devices such as avatars or rehabilitation training systems. One effective approach for BCI control is motor imagery (MI). In MI, the user imagines specific movements (e.g., left or right hand dorsiflexion), to produce patterns of brain activity that can be decoded from their electroencephalogram (EEG) and used as control signals for the
BCI. Most stroke rehabilitation therapies involve imagining desired movements and providing rewarding feedback during training. Effective therapies should provide feedback only when the patient performs the task correctly (ie, imagines the correct movement). Hence, a
MI BCI, which can discern between imageries and conditionally gate the delivery of feedback, should facilitate effective therapy. Here we
present results from three subjects who successfully used such a device (“recoveriX”) for rehabilitation after stroke.

Methods

This study was performed with three patients who had a stroke 4 years earlier (P1, female, 40 years old), 2 months earlier (P2, female, 61
years old), or 3 months earlier (P3, male, 64). P1 suffered complete paralysis of her left hand. Assessment with a 9-Hole Peg test showed
P2’s right arm needed about twice as much time to complete the test as the left arm, indicating impaired function. P3’s left arm took three
times longer than the right. All patients performed MI BCI sessions by imagining left or right hand movements according to instructions
on a computer screen. The BCI analyzed EEG data and controlled an avatar’s hand movement on the computer screen and simultaneously controlled a functional electrical stimulator (FES) that stimulated the corresponding hand. Hence, the patient could see the virtual hand
movement while his/her real hand moved simultaneously.

Results

After 10 (P1), 21 (P2), or 24 (P3) 30-minute training sessions, all patients achieved significant improvement in motor control. P1 was able
to move the paralyzed hand herself, without BCI or FES. P2 could perform the 9-hole PEG test with similar speeds for both hands, and P3
could complete the test in about half the time it took before therapy.

Conclusion

This work suggests that recoveriX-based training can yield functional improvement in persons with difficulty controlling their upper limbs
resulting from stroke. Additional research is needed to demonstrate its superiority over conventional therapy. Future work could provide information leading to improvements in classifier parameters, experimental protocols, methods to interact with users, and other details.
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Neuroplasticity and rehabilitation
Comparing Changes in Healthcare Utilization Following Back Surgery and Spinal Cord Stimulation
for Chronic Pain
Ashwini Sharan, MD1; Alexander Kent, PhD2; Edward Karst, MS2; Erika Petersen, MD3
1 Thomas Jefferson University
2 St. Jude Medical
3 University of Arkansas Medical Sciences

Introduction

The care continuum for chronic pain consists of conventional medical management, interventional pain procedures, back surgery, and
implantation of spinal cord stimulation (SCS) or intrathecal pump devices. The aim of this study was to compare changes in real-world
healthcare utilization (HCU) in patients undergoing back surgery or SCS implantation.

Methods

This study used Truven Health MarketScan® Commercial and Medicare Supplemental Databases of U.S. patients’ claims data from
04/2008-03/2014. The index event was permanent SCS implantation or lumbar back surgery, with the latter including direct decompression (DD) and direct decompression with fusion (DDF). Patients were excluded if they were <18 years of age or their available follow-up
time was <1 year before or after the index event. HCU was calculated in the 1-year pre- and post-index event periods, excluding the 30
days immediately before and after the index event. Outcome variables were: pain-related medical expenditures, pharmaceutical expenditures, office visits, hospitalizations, ER visits, pain injections, and subsequent interventions. Outcomes were compared using Wilcoxon
signed-ranked or chi-squared tests.

Results

There were 116,156 patients included in this study (DD: 62,706 patients; DDF: 52,869; SCS: 563); the average age was 57.0±13.2 years and
48.0% were male. Medical expenditures increased by 8.1% after DDF and 46.9% after DD, driven by higher inpatient expenditures, but decreased by 43.5% after SCS due to reduced outpatient expenditures. Similarly, pharmaceutical expenditures increased by 14.8% and 15.8%
following DDF and DD, respectively. The number of office visits increased by 3.4% after DD, but decreased by 22.9% after SCS (no change
for DDF). Following surgery, there was an increase in the percentage of patients with at least one hospitalization (DDF:+3.6%, DD:+5.0%)
and decrease in the percentage of patients with at least one ER visit (DDF:-3.4%, DD:-4.8%). There were no significant changes after SCS
in pharmaceutical expenditures, hospitalizations, or ER visits. For all interventions, the percentage of patients with ≥1 pain injection decreased (DDF:-34.6%, DD: -20.8%, SCS: -31.0%). Finally, the percentage of patients with a subsequent intervention was higher after DDF
(3.9% received surgery, 0.6% SCS, 0.1% pumps) and DD (5.1% surgery, 0.4% SCS, 0.03% pumps) than SCS (2.9% surgery, 0.7% pumps).

Conclusion

Pain-related HCU tended to increase after back surgery and decrease after SCS. The reduced healthcare burden suggests that SCS may
be comparably more effective in treating chronic pain than back surgery in many cases. Further investigation is needed to assess whether
SCS should be used earlier within the care continuum.
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Clinical Neuromodulation
Fully Integrated Amorphous Silicon Carbide Ultramicroelectrode Array for Neural Stimulation and
Recording
Felix Deku1,2; Alexandra Joshi-Imre, PhD1; Yarden Cohen Dr3; Ben Pearre, PhD3; Timothy Gardner3; Stuart Cogan, ScD1
1 University of Texas At Dallas
2 Diversity Travel Award winner
3 Boston University

Introduction

Insulation degradation and interconnect failures impact the chronic reliability and performance of indwelling neural electrodes. Evidence
of cracks or delamination in Parylene C or other polymeric coatings on chronic neural devices have prompted interest in other encapsulation materials. Amorphous silicon carbide (a-SiC) has emerged as candidate thin-film coating for encapsulating implantable neural devices. Films of a-SiC have excellent barrier properties and have been evaluated clinically as coatings for coronary stents. We investigated developing a free-standing fully integrated functional microelectrode array based on a-SiC film.

Methods

Plasma Enhanced Chemical Vapor Deposition (PECVD) a-SiC was patterned through thin-film photolithography techniques. The fully integrated device comprises a 5 mm long by 12 µm wide electrode shank integrated with a 5 cm ribbon cable fabricated in a single deposition
process. A 0.5 µm gold trace, embedded in a 4 µm a-SiC, 2 µm on each side, was exposed to form a 600 µmz electrode sites at the distal
end and bond pads at the proximal end. An Omnetics connector was soldered to the bond pads to connect the probe to stimulation and
recording instrumentations. The electrode sites were coated with sputter deposited Pt, SIROF, and TiN to reduce impedance and increase
charge-injection capacity for stimulation. Electrochemical measurements in argon sparged PBS were made to compare the impedance,
charge storage and charge injection properties of the electrode materials.

Results

Initial voltage transient data shows that the electrode array has a higher charge injection capacities across the electrode material making
them ideal for neurostimulation. The maximum charge injection capacity of 14.40 mC/cm2 (pulse width =200 µs, frequency= 50 Hz) were
recorded for electrodes coated with SIROF within safe electrochemical limits of -0.6 to 0.8 V vs Ag|AgCl reference electrode. Impedance
was greatly reduced with electrode coatings with an average 1 kHz impedance of 12.2 ± 0.2 kΩ, 87.1 ± 4.5 kΩ and 347 ± 16.8 kΩ (mean ±
SD, n=4) measured for SIROF, TiN, and Pt coated electrodes respectively.

Conclusion

This work demonstrated the fabrication of a fully integrated ultramicroelectrode neural interface based on amorphous silicon carbide.
Charge injection capacities were generally higher than reported thresholds for intraneural stimulation. The low electrode impedance measured also suggests the ability to use these ultramicroelectrodes for chronic neural recording.

Bond Pads
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Ribbon cable
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Electrodes
Versatile Stimulation Circuitry for Neural Applications: Implementation in Vestibular and Cochlear
Stimulation
Kristin Hageman; Kai Yuen Lim; Margaret Chow; Zaven Kalayjian, PhD; Andreas Andreou; Xiaoqin Wang, PhD; Charles Della Santina, PhD MD
Johns Hopkins University

Introduction

As the field of neuromodulation advances, the need for customizable neural stimulators with versatile and sometimes complex stimulation schemes is increasing. This can be difficult to achieve using a stimulator with a limited number of current source/sinks and low compliance voltage. An application specific integrated circuit neural interface (ASIC-NI) was designed to replace the stimulation management
circuitry in the Johns Hopkins Multichannel Vestibular Prosthesis (MVP) [1]. The ASIC-NI not only provided MVP system size reduction
and decreased power consumption, but also created the framework for a general-purpose, customizable neural stimulator. With 16 independent channels, 12 V compliance, and efficient and straightforward chip control, the ASIC-NI advances capabilities for neural applications. The work presented here describes the development for two neural applications using the ASIC-NI: (1) increased functionality of the
MVP for vestibular stimulation to encode both rotational velocities and linear accelerations and (2) the study of cortical representation
during complex cochlear stimulation.

Methods

An off-the-shelf microcontroller (MSP430F5338) was used to create two separate platforms for both vestibular and cochlear stimulation
using the ASIC-NI. The vestibular prosthesis used an off-the-shelf 6-dof motion sensor to sense head velocities and accelerations. The
custom firmware mapped head motion to pulse frequency modulated biphasic current pulses that were delivered to the appropriate vestibular end organs. For cochlear stimulation, firmware was customized to deliver multipolar pulses to provide a current steering paradigm
for focusing electrical activation. The microcontroller can also be programmed to replicate basic cochlear implant style of continuous interleaved sampling (CIS).

Results

Vestibular prosthesis expansion for restoration of the inner ear’s sensation of both rotational and translational motion using a custom,
polyimide electrode array is possible with the advances the ASIC-NI provides. Cochlear stimulation using the ASIC-NI delivers pre-programmed multipolar pulse trains along the implanted cochlear electrode array.

Conclusion

The versatile nature of this circuitry allows for streamlined integration into new system applications for neural stimulation. With knowledge of embedded microcontroller code development, the system can be successfully customized for stimulation on many electrodes in
traditional (mono- or bipolar) pulse paradigms as well as more complex (multipolar) stimulation to explore current steering capabilities.
[1] Hageman, K.N., Kalayjian, Z.K., Tejada, F., Chiang, B., Rahman, M.A., Fridman, G.Y., Dai, C., Pouliquen, P., Georgiou, J., Della Santina, C.C.,
Andreou, A.G., “A CMOS Neural Interface for a Multichannel Vestibular Prosthesis,” Biomedical Circuits and Systems, IEEE Transactions on,
vol.10, no.2, pp.269-79, April 2016.
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Neural Prosthesis
Multi- and Single-Joint Selectivity Optimization of 8-Contact Composite Flat-Interface Nerve Electrodes on Human Femoral Nerves
Max Freeberg; Rahila Ansari, MD1; Gilles Pinault, MD1; Dustin Tyler, PhD1; Ronald Triolo PhD1
1 Case Western Reserve University

Introduction

Neuroprostheses activating peripheral nerves with electrical stimulation can restore standing and stepping to individuals with spinal cord
injury (SCI). A selective, multicontact, flat interface nerve electrode (FINE) implanted on the proximal femoral nerve should independently
activate functionally distinct muscle groups to separately recruit knee extensors and hip flexors (Schiefer, 2010). Here we report on the selective recruitment of knee extensors without hip flexors (knee-selective) and the overlap optimization of synergistic knee extensors in the
first-in-man deployment of 8-contact composite FINEs (C-FINEs) chronically implanted on proximal femoral nerves.

Methods

Eight-contact C-FINEs (Stone 2013) were implanted on bilateral proximal femoral nerves of a 25-year-old male volunteer (5 years post injury) with SCI (C6-AIS-C). Access to cuff contacts was provided by temporary percutaneous leads. Starting 1-week post-operatively, the
C-FINEs were stimulated and muscle recruitment was simultaneously measured via knee extension moment (isometric, 20⁰ flexion) and
needle EMG of vasti, rectus femoris, and sartorius to determine responses of hip-selective and knee-selective contacts. At 3-weeks, we
stimulated pairs of C-FINE contacts to determine overlap of synergistic knee extensors calculated by the difference in moment of contact
pair responses and the sum of their individual responses (Fisher 2013).

Results

Charge thresholds for all muscles are consistent with those from previous cuff-based neuroprostheses at 22.3 ± 5.8nC and 31.3 ± 9.7nC
for the right and left legs, respectively. Each of the 3 most-selective knee extensor contacts isolated knee extensors without hip flexion at
tetanic moments of 0.44 ± 0.16Nm/kg and 0.41 ± 0.13Nm/kg for the right and left legs, respectively.
Each cuff contained at least 5 knee-selective contacts. A pairwise overlap optimization algorithm testing these knee-selective contacts determined the optimal charge for each contact to minimize synergist overlap and maximize moment. On the right leg, this algorithm chose
4 contacts to stimulate with predicted tetanic moments of 0.34 ± 0.22Nm/kg per contact. On the left, it chose 3 contacts with predicted
tetanic moments of 0.40 ± 0.12Nm/kg per contact. These contacts were predicted to overlap less than 10% with each other.

Conclusion

These implanted C-FINEs have exhibited consistently low charge activation thresholds indicating stable and effective nerve-cuff interactions. On average, each of the 3 best knee-selective contacts individually generated moments sufficient for the sit-to-stand transfer (Uhlir 2000), and provided even greater moment when stimulated in combination. Additionally, the overlap algorithms found 3-4 contacts in
each cuff with functional moments and low overlap between synergistic knee extensors. Future work will exploit this selectivity to avoid
fatigue onset in implanted standing neuroprostheses.
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Peripheral Nerve Interfaces
Evaluating a High-Resolution Retinal Resistivity Probe with Calibrated Multilayer Agarose Gel Phantoms
Christopher Girard1; Boshuo Wang, PhD2; James Weiland, professor3
1 University of Southern California
2 Duke University, School of Medicine
3 University of Southern California, Keck School of Medicine

Introduction

Accurate modeling of current density distribution and subsequent neural activation in epiretinal stimulation must account for the nonhomogeneous resistivity of the retinal tissue; however, previous studies of resistivity lack sufficient resolution to discriminate retinal strata. A
novel tissue resistivity probe, based on a penetrating microelectrode array, is evaluated for high-resolution measurement of mouse retina.

Methods

Under controlled voltage stimulus, the microelectrode array is advanced through the tissue with a micromanipulator. A finite element model (FEM) of the nonhomogeneous resistivity is reconstructed from the sampled potential gradients. For calibration of the system, a simple
method for fabricating agarose gel phantoms as thin as 50 μm is presented, with resulting resistivity tunable by the gel composition.

Results

Proof of concept is demonstrated in saline, where equipotential lines between parallel wire electrodes are identified and sub-millivolt precision achieved in each electrode channel. Further studies are pending; by probing multilayer gels of known dimensions and impedance, the
effective spatial resolution of the probe system will be estimated, and the accuracy of the FEM reconstruction validated.

Conclusion

Once validated, the resistivity probe and reconstruction method will enable accurate mapping of tissue impedance in both wild-type and
degenerate mouse retinas. These impedance maps will in turn inform models of retinal stimulation, aiding the design of future retinal
prosthetics and refining stimulation strategies in both current and future devices.
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Visual Prosthesis
Neurovascular Coupling During Deep Brain Stimulation
M. Sohail Noor; Kartikeya Murari, PhD; Zelma Kiss, MD PhD
University of Calgary

Introduction

The effects of deep brain stimulation (DBS) in the human brain are often studied using functional imaging, which measures changes in regional blood flow and perfusion. These vascular changes are believed to be indicative of altered neural activity and as such, imaging information is used to interpret the effects of DBS on neural activity. Therefore, understanding how vascular changes are related to neural activity (neurovascular coupling) is of paramount importance for the meaningful interpretation of imaging data.
Blood flow and tissue perfusion are thought to be strongly correlated with integrated evoked local field potentials (synaptic activity). This
is based on experiments that used low frequency (1-40 Hz) peripheral stimulation. However, neurovascular coupling has never been studied with high frequency stimulation (>100 Hz), the DBS frequencies applied clinically. This may be the reason for discrepancies in the existing literature where DBS has seemingly produced opposite effects on blood flow and neural activity. Therefore our AIM was to determine
the relationship between brain perfusion and neural activity at frequencies used for DBS, and we hypothesized that neurovascular coupling would be preserved at high frequencies.

Methods

In urethane-anesthetized rats we applied stimulation (10, 20, 30, 40, 60, 80, 100 and 200 Hz) using a concentric bipolar electrode. We delivered biphasic, constant current pulses to ventrolateral (VL) thalamus using for 3 s while recording neural activity and perfusion in motor cortex (M1) through a cranial window. VL thalamus is reciprocally connected to M1 and is the target of DBS in essential tremor. Tissue perfusion was measured using intrinsic optical imaging under green illumination (~570 nm) while neural activity was recorded using
4-channel microelectrode array placed in the site of maximal change in DBS induced tissue perfusion response.

Results

Stimulation of VL thalamus increased both perfusion and neural activity in M1 and preliminary data suggest that maximum change in the
perfusion and integrated evoked potential are linearly related. Each stimulation pulse caused an evoked potential (EP) in M1, likely from
antidromic then orthodromic activation of corticothalamic/thalamocortical fibers. In addition, we observed a DC shift at frequencies of 30
Hz and higher only during the first 500 ms of stimulation, which suggests prolonged depolarization of M1.

Conclusion

This work will, for the first time, elucidate the neurovascular relationships during high frequency stimulation and lead to a more definitive
interpretation of functional imaging used to study DBS in humans.
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Deep Brain Stimulation
Spinal Cord Stimulator Outcomes: The Rutgers Experience
Ryan Holland; Neil Majmundar, MD; Antonios Mammis, MD
Rutgers—New Jersey Medical School

Introduction

This study analyzes the results of specific pre- and post-operative techniques aimed at improving outcomes following spinal cord stimulator (SCS) implantation. Prior to implantation, each patient underwent psychological screening and MRSA eradication if present. In order to
avoid the well-known complication of hematoma formation, fibrin sealant was used intraoperatively, and antiplatelet therapy was started
48 hours after surgery. Corticosteroids treated post-operative thoracic radiculopathy.

Methods

A retrospective chart review of over 200 patients from 2013-2016 was conducted. Eighty-three patients were selected who underwent permanent SCS implantation.

Results

Seven of the 83 patients eventually had the stimulator explanted (8.4%). Reasons included epidural hematoma (1), loss of efficacy (2), desire to undergo an MRI (1), patient kept the device off (1), and wound erosion following revision (2). Two patients experienced post-operative thoracic radiculopathy which resolved after corticosteroid treatment. There were zero post-operative infections. Of the 76 patients
who did not have an explant, 59 (78%) had excellent paresthesia coverage and 69 (91%) had a greater than 50% pain reduction. Their average time to follow-up was 6 months (9-766 days).

Conclusion

Complications were minimal compared to previous literature, which demonstrates a 2.5%-13% infection rate and 23.9% explant rate. The
proportion of patients with greater than 50% pain reduction was greater than previous rates of 48%. Successful outcomes demonstrate
the importance of psychological evaluation, MRSA eradication, antiplatelet and anticoagulation use, and corticosteroid therapy to resolve
radiculopathy. Through the publication of our successful outcomes, we hope to share the techniques which can lead to greater outcomes
and fewer complications.
Spinal Cord Stimulator Outcomes: The Rutgers Experience
Ryan Holland, B.A., Neil Majmundar, M.D., Antonios Mammis, M.D.

Table 1. Demographics and diagnosis for all patients
n (% of
83)
Age

29
30-34
35-39
40-44
45-49
50-54
55-59
60-64
65-69
70-74
75-79
80-84
85-89

1(1.2)
6(7.2)
11(13.3)
8(9.6)
19(22.9)
13(15.7)
10(12.0)
4(4.8)
2(2.4)
5(6.0)
2(2.4)
1(1.2)
1(1.2)

Sex

Male
Female

21(25.3)
62(74.7)

Diagnosis

Post-Laminectomy Syndrome
Chronic Pain Syndrome
Radicular Syndrome
MS

45(54.2)
20(24.1)
16(19.3)
2(2.4)

Table 2. Spine level and stimulator data for all patients
n(% of
83)
Level

Thoracic
Cervical

72(86.7)
11(13.3)

Lead

Percutaneous

14(16.9)
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Clinical Neuromodulation
Method for Restoring Coordinated Multijoint Movements After Paralysis by Direct Cortical Control
of Muscle Stimulators
Dawn Taylor1; Frank Willett2; Harrison Kalodimos, MS2
1 Cleveland Clinic; Louis Stokes Cleveland VA Medical Center
2 Case Western Reserve University

Introduction

Using electrical stimulation systems to restore full-arm function after paralysis is challenging for many reasons. First the user has to be
able to command the system or tell the system where he or she wants the arm to go. Then a control algorithm is needed to determine the
appropriate stimulation patterns that will produce the desired motion while taking into account the arm’s current movement state and any
external forces. The control problem is particularly challenging because the arm is a complex multijoint nonlinear dynamic system, and
external forces are typically unpredictable during use. In this study, we show how the brain can be used to resolve both the command and
control problem simply by allowing the brain to control the muscle stimulators directly.

Methods

Macaques were trained to use their cortical firing rates to control the movements of a computational model of a human paralyzed arm
that ran in real time. A simple linear mapping calibrated to each user was employed to convert the firing rates of all recorded neural units
directly into the stimulation levels of six shoulder and elbow muscles in the arm model. The animal received only visual feedback of the resulting arm end-point motion.

Results

Subjects could control the arm model well enough to make target-directed arm movements even on the first day of training. With practice,
subjects learned to make straighter, more accurate movements by making feed-forward adjustments to their motor cortical output. Subjects were also able to intuitively compensate for unexpected applied forces on the limb and could continue to make straight arm movements as if the force was not there.

Conclusion

Allowing the brain to control the muscle stimulators directly is a promising and clinically feasible method for restoring coordinated multijoint arm movements after paralysis.
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Neural Prosthesis
Comparison of Robotic Exoskeleton and Surface Stimulation for Treatment of Crouch Gait From
Cerebral Palsy
Thomas Bulea, PhD; Zachary Lerner, PhD; Andrew Gravunder, MBE; Diane Damiano, PhD
Functional & Applied Biomechanics, Rehabilitation Medicine Department, National Institutes of Health, Bethesda, MD

Introduction

Crouch gait, characterized by excessive knee flexion, is a common gait pathology in children with cerebral palsy (CP). Surgical interventions may reduce crouch in the short term, but long term outcomes are variable. Without successful treatment crouch progresses with
age and often results in immobility. Thus, more effective approaches are necessary to preserve walking capacity in this population. We recently introduced a novel exoskeleton that can provide motorized assistance and/or surface functional electrical stimulation (FES) to assist knee extension in children with crouch.

Methods

In this study we compare robotic assistance and surface FES as treatment strategies in four children with crouch gait from CP (age 12±6
years, GMFCS II(3)/III (1)). Informed consent and assent was obtained prior to enrollment in the study, which was approved by the Institutional Review Board of the National Institutes of Health. Using on board sensors, the gait cycle was portioned into three distinct states:
stance, early swing, and late swing. Extension assistance was provided in stance and late swing by either the motor (EXO) or surface FES
of vastus lateralis during overground walking. FES settings were calibrated to participant tolerance and did not elicit a maximal contraction (i.e., submaximal). Joint angles were collected via motion capture (Vicon). Surface EMG was collected bilaterally from rectus femoris, vastus lateralis, semitendinosus, and medial gastrocnemius (Delsys). Stimulation artifact was removed prior to EMG processing. Outcome measures were peak knee extension and linear envelope of knee extensors (vastus lateralis) and flexors (semitendinosus).

Results

One participant was unable to tolerate FES and therefore was removed from this comparison study. Peak knee extension was significantly (p= 0.01) improved in the EXO condition for 2/3 subjects (mean: 22.8 ± 10.3°) compared to baseline (30.5 ± 3.3°) while 1/3 subjects improved with FES (20.4 ± 2.7°) compared to baseline (28.8 ± 2.4°). Vastus lateralis activity was reduced during mid-late stance in the EXO
condition, demonstrating a pattern closer to normal gait. Semitendinosus was increased at this time, a possible antagonistic response to
the motorized assistance. Interestingly, there was no such response when FES was applied to knee extensors.

Conclusion

Our results demonstrate the potential of powered exoskeletons for alleviation of crouch gait from CP while highlighting the lack of a
unique solution in this heterogeneous pathology. Combining FES with motorized assistance may enhance the knee extension benefit by
reducing antagonistic flexor response while building extensor strength during walking.
This research was supported by the Intramural Research Program of the NIH Clinical Center.
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Neural Prosthesis
Optimization of Return Electrodes in Neurostimulating Arrays
Thomas Flores; Georges Goetz; Xin Lei; Daniel Palanker, PhD
Stanford University

Introduction

High-resolution visual prostheses require dense stimulating arrays with localized inputs of individual electrodes. We study the electric field
produced by multielectrode arrays in electrolyte to determine an optimal configuration of return electrodes and activation sequence.

Methods

To determine the boundary conditions for computation of the electric field in electrolyte, we assessed current dynamics using an equivalent circuit of a multielectrode array with interleaved return electrodes. The electric field modeled with two different boundary conditions
derived from the equivalent circuit was then compared to measurements of electric potential in electrolyte. To assess the effect of return
electrode configuration on retinal stimulation, we transformed the computed electric fields into retinal response using a model of neural
network-mediated stimulation.

Results

Electric currents at the capacitive electrode-electrolyte interface redistribute over time, so that boundary conditions transition from equipotential surfaces at the beginning of the pulse to uniform current density in steady state. Experimental measurements confirmed that, in
steady state, the boundary condition corresponds to a uniform current density on electrode surfaces. Arrays with local return electrodes
exhibit improved field confinement and can elicit stronger network-mediated retinal response compared to those with a common remote
return. Connecting local return electrodes enhances the field penetration depth and allows reducing the return electrode area. Sequential
activation of the pixels in large monopolar arrays reduces electrical cross-talk and improves the contrast in pattern stimulation.

Conclusion

Accurate modeling of multielectrode arrays helps optimize the electrode configuration to maximize the spatial resolution, contrast, and dynamic range of retinal prostheses.
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Models and Stimulation Paradigms
Viability of a Novel Microelectrocorticography Design for Intrasulcal Implantation in Macaca
Mulatta Primary Somatosensory Cortex
Taylor Hearn, BS1; Justin Tanner1; Edward Keefer, PhD2; Jonathan Cheng, MD FACS2; John Lachapelle, MSEE3; Stephen Helms Tillery, PhD1
1 Arizona State University
2 Nerves Incorporated
3 Draper

Introduction

The utility of microelectrocorticography (μECoG) for recording neural activity is well established. However, the rigid structure of traditional μECoG electrode arrays has precluded access to cortical regions of the brain that lie within sulci. The goal of this study was to design a
μECoG array that could record from area 3b within the central sulcus of a Macaca mulatta.

Methods

Each array consisted of 16 polydimethylsiloxane electrodes with a nylon-like polymer overmold. Contact sites were 150 μm in diameter,
arranged in a 4x8 pattern (eight contacts per 1 mm “finger”), and separated by 750 μm (center-to-center on a single “finger”). Arrays were
implanted into two Macaca mulatta subjects. Arrays were cut into 4, 8x1 “fingers” to avoid significant vasculature that traversed the central sulcus in order to minimize damage while maximizing insertion depth. Neural recordings were performed using a Ripple (Salt Lake
City, UT) GrapevineTM Neural Interface System and custom MATLAB (Natick, MA) software. Vibratory stimulation of the skin was achieved
using a custom vibration generator controlled by MATLAB software. Somatosensory evoked potentials (SSEPs) were elicited by stimulating the skin with an A-M Systems (Sequim, WA) Isolated Pulse Generator. After several months of recording during stimulation, each subject was perfused with paraformaldehyde, and the tissue surrounding the implant site was excised. Tissue was then sliced and stained to
examine neuroimmune response to the implant.

Results

Surgical implantation of the novel arrays proved to be no more difficult or time-consuming than those of the traditional μECoG design. The
arrays provided stable, long-term neural recordings of activity from area 3b. While vibratory stimulation did not consistently elicit correlated neural activity, electrical stimulation did. We are awaiting the results of the postmortem histological analysis.

Conclusion

Based on the results from electrical and mechanical stimulation, the novel μECoG array design was able to successfully resolve neural signals. Vibratory stimulation may not have elicited consistent neural activity due to unavoidable damage inherent to the implantation of the
device into the sulcus. Histological analysis is expected to confirm neuronal damage in the more-apical layers of the cortex due to separation of the pre- and postcentral gyri. While this surgery may prove to be damaging for this method of recording from within sulci, the novel
electrode design may be applicable to other areas of the cortex where custom, irregular array geometries are desired.
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Electrodes
DRG Stimulation Elicits Behavioral Response During Translational Postural Perturbation
Kevin King; William Cusack, PhD; Ameya Nanivadekar; Rob Gaunt, PhD; Lee Fisher; Douglas Weber, PhD

Introduction

An effective somatosensory neural interface (SSNI) is necessary to restore sensory feedback in limb prostheses. The dorsal roots and
dorsal root ganglia (DRG) are attractive targets for stimulation because they are the only structures in which peripheral afferent nerves can
be accessed in isolation from motor efferents. To develop an effective SSNI at the DRG, it is necessary to understand the parameters of
stimulation that achieve the desired behavioral effects. To do so we analyzed limb kinematics, ground reaction forces, and EMG responses from the hindlimb of a cat during translational postural perturbations where stimulation location, amplitude, and latency between stimulation and perturbation onsets were experimental variables.

Methods

Awake, behaving cats underwent translational perturbations following electrical stimulation at the DRG. Bipolar EMG electrodes were implanted in the flexor and extensor muscles of the hip, knee, and ankle and used to record muscle activity during headward and tailward
perturbations. Markers attached to the hip, knee, ankle, and metatarsophalangeal joints were used to track hindlimb motion. Force transducers in the platform measured ground reaction forces under each paw.
Animals were implanted at the L6 & L7 DRG with penetrating, multichannel microelectrode arrays that were used to deliver microstimulation to activate Group I or Group II/Aβ primary afferent (PA) fibers. A nerve cuff electrode was implanted around the sciatic trunk to measure evoked antidromic activity in response to stimulation through each channel of the MEA in the anesthetized animal. Channels that activated Group I PA neurons were identified based on the conduction velocity of the antidromic response (i.e. 75-120 m/s). Each week, a
stimulation channel was selected based on the minimal current required to drive an antidromic response in a Group I PA neuron. These
specific channels were then selected to deliver current-controlled biphasic stimulation 50–150 milliseconds prior to platform perturbation
at suprathreshold amplitudes.

Results

Stimulating the DRG results in coordinated and repeatable effects on postural responses to platform translations. These effects varied
with selection of stimulation electrode, amplitude, and latency. Inhibitory and excitatory responses were observed in the EMG, and these
tended to be grouped according to the flexor or extensor actions of the hindlimb muscles. These changes in EMG activity were also reflected in the ground reaction force for the stimulated limb.

Conclusion

The distinct and repeatable effects on EMG activity were graded with stimulation amplitude, and suggest reliable recruitment of specific reflex responses in the spinal cord.
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Neural Prosthesis
A Framework for Combining rTMS with Behavioral Therapy
Zoe Tsagaris1; Douglas Labar, MD PhD; Dylan Edwards, PhD
1 Burke Medical Research Institute

Introduction

Traditionally, repetitive transcranial magnetic stimulation (rTMS) had been delivered at rest, without regard to concomitant consciousness.
Recently, rTMS was combined with behavioral therapy, to enhance brain reorganization underlying recovery, learning, and adaptive changes. Combining therapies is appealing, but is poorly defined, and with such large parameter space, requires clarity. We review the literature
and outline a framework for designing studies and reporting for such combination approaches.

Methods

We identified and summarized published studies combining rTMS paired with behavioral intervention. We limited the search to neurological patients. All articles were found through the PubMed and excluded: case studies, drug studies, tDCS or other non-invasive stimulation
methods, and/or healthy subjects. The acronym rTMS was used in combination with the following search terms: physical therapy, occupational therapy, speech therapy, behavioral intervention, task training, motor practice, motor training, rehabilitation, cognition, cognitive rehabilitation, cognitive behavioral therapy, CBT, cognitive training.

Results

Fifty-three papers met inclusion criteria. 70% examined the combination of rTMS and motor training (n=37), 23% speech therapy (n=12),
and 7% cognitive training (n=4). With regards to timing, majority of papers delivered stimulation at rest prior to behavioral intervention
(38/53). The remaining used a variety of approaches including interleaved or performing the therapeutic task during inter-train intervals
(5/53), mixed approach dependent on group (5/53) did not specify order (2/53) or performed therapy simultaneously (2/53). Combined
therapy appeared to be safe. Minor adverse effects (primarily mild headache) were reported rarely.

Conclusion

Despite significant methodological differences, virtually all studies found improvement in clinical outcomes. However, vague and inconsistent reporting of methods, as well as diverse approaches, impede advancement of understanding towards optimizing intervention and
maximizing clinical efficacy. Detailed rTMS reporting is essential and should include: type of stimulator used, coil type/position/orientation, location and process of collecting motor threshold, target muscle for determining motor evoked potential, type of electrodes used,
stimulation site, frequency/intensity of stimuli subject positioning and environment, timing relative to behavioral intervention, total numbers of sessions and distribution. Similarly, therapy-related specifications must be reported thoroughly and should include: type and frequency of therapy delivered, duration of session, context of intervention, clinician training, description of quantifiable intervention, and use
of standardized outcome measures. In order to determine optimal combined therapy, larger sample sizes and randomized, controlled clinical trials are needed to account for variability among individuals and conditions.
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Neuroplasticity and rehabilitation
Detecting Intestinal Inflammation: A Step Toward Developing Closed-Loop Technology for the
Treatment of Inflammatory Bowel Disease
Sophie Payne, PhD; Rob Shepherd; James Fallon, PhD
Bionics Institute

Introduction

Inflammatory bowel disease (IBD) is a life-long debilitating condition that preferentially affects military veterans suffering from post-traumatic stress disorder. Current treatments for IBD are associated with serious side effects, however growing evidence shows that stimulation of the vagus nerve could be a safe and effective therapy. The broad aim of this project is to develop closed-loop neuromodulation
technology for the treatment of IBD; however a key-requirement for this device is to have an objective real-time measure of gut inflammation. We hypothesise that permeability changes in the mucosal membrane of an inflamed gut may be used as a biomarker of IBD.

Methods

Male Sprague Dawley rats (8-10 weeks) were used to implant a specialised electrode into the lumen of the small intestine. The electrical
properties of the mucosal membrane were monitored to establish baseline permeability. The implanted segment of gut was then inflamed
using TNBS (1mg/ml of 2,4,6-Trinitrobenzene sulphonic acid in 50% ethanol). The permeability of the mucosal membrane was monitored
over a 3-hour period. Finally, gut tissue was collected for histological scoring of inflammation.

Results

Acute TNBS injection resulted in a significant increase in permeability of the mucosal membrane at 3 hours (n=4-6; p<0.05), while the permeability of control gut not exposed to TNBS remained unchanged. Histological analysis of inflamed gut tissue taken from these experiments showed significant increases (n=3; p<0.05) in leukocyte populations. Next, we chronically implanted the gut array (2 weeks; n=1)
and observed less variation in the permeability of the gut post 1 week of surgery, while the time of day did not impact on permeability.

Conclusion

Here we demonstrated the feasibility of an intestinal interface that can measure the permeability of the mucosal membrane and can be
used as an effective biomarker for gut inflammation. We anticipate that the same technique will be useful in humans suffering from IBD
and will provide an avenue to closed loop control of the disease.
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Peripheral Nerve Interfaces
Analgesic Effectiveness of Intrathecal Pump Therapy for Chronic Pancreatitis: Case Series
Edgar Martinez; Robert Kinne, MD; Umar Darr, MD; Saurabh Dang, MD; Amanda Trout, DO; Hossam Ajabnoor, MBBS; Denise Zeller, RN; Joseph Atallah, MD
University of Toledo Medical Center

Introduction

Abdominal pain in the setting of chronic pancreatitis is a significant symptom and challenge for clinical practitioners. Pancreatitis associated pain is present in 90% of patients and is a leading cause of hospitalization responsible for increased healthcare costs burden on hospital staff. Understanding the pathophysiology of neural mediated pancreatitis associated pain has yielded numerous theories over the
last several decades.
Nociceptors are sensory nerve cells capable of integrating and transducing nociceptive stimuli into pain signals. Clinically, these changes manifest as allodynia, hyperalgesia and secondary hyperalgesia, requiring a spectrum of modalities focusing on adequate pain control,
most often via narcotic pain medication. Previous studies yielded promising results for intra-thecal pump therapy (ITPT) as an alternative
treatment modality to surgical intervention.

Methods

We treated six patients (males=3, females=3), with mean age 45.3 years (s.d. 10), with refractory epigastric pain from chronic pancreatitis (etiologies: chronic alcoholic intake and pancreatic obstruction). Each patient underwent per os opioid therapy, endoscopic procedures,
and celiac plexus blocks. When these interventions failed to provide adequate relief, ITPT was offered. The median postoperative follow up
time: 6 months (1-24) and duration of symptoms: 2.5 years (1-4). Each received hydromorphone (0.766-13.264 mg/day) with bupivacaine
(0.766-19.896 mg/day) {N=4}, hydromorphone (0.766-13.264 mg/day) {N=1}, or hydromorphone (0.766-13.264 mg/day); bupivacaine
(0.766-19.896 mg/day); and clonidine (26.527-60.310 mcg/day) {N=1}.

Results

We evaluated pain levels (VAS score), morphine equivalents (MEq), and hospitalizations from pre-pump placement to post-placement
(months: 1,6,12,24). A reduction in pain levels (VAS) and hospitalizations were noted from pre-placement (mean VAS=8, s.d.= 1.6 and
mean hospital visits (MHV:10, s.d.=15) to post placement at 1 month (VAS=5, s.d.=7.5 and MHV=0.16, s.d.=0.4), 6 months (VAS=4.6,
s.d.=3.2 and MHV=0.3, s.d.0.5), 12 months (score=4, s.d.=2.7. and MHV=0, s.d.=0), 24 months (score=3, s.d.=3.7 and MHV=0, s.d.=0). MEq
showed an initial reduction pre-placement (MEq=362.5, s.d. =349) with a partial increase during the follow up period (1 month: 14.7, s.d.
=23) (6 months: 16.8, s.d. =22) (12 months:19.9,s.d. =26) (24 months:22, s.d.=36).

Conclusion

Chronic pancreatitis-induced pain is the foremost symptom resulting in patient distress. We found an improvement in postoperative pain
levels and hospitalizations. In addition, there was a significant initial reduction in morphine equivalent requirements, despite a minor increase during the follow-up period, which we attribute to hyperalgesia. Our study yields promising results as an alternative treatment.
However, larger scale studies are needed to further assess both efficacy and potential risks of ITPT for chronic pancreatitis.
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Clinical Neuromodulation
Dorsal Root Ganglia Neural Recordings and Source Localization with a Novel Nonpenetrating Thinfilm Microelectrode Array
Zachariah Sperry, MS; John Seymour, PhD; Kyounghwan Na, MS; Euisik Yoon, PhD; Tim Bruns, PhD
University of Michigan

Introduction

A neural interface with dorsal root ganglia (DRG) can provide a rich source of sensory neural activity from peripheral limbs and organs.
There are presently no devices designed specifically for interfacing with DRG, so penetrating electrode arrays are typically used. Cortical
arrays are inefficient DRG interfaces as they are not designed for the small, curved features of spinal roots, and their penetrating shanks
can cause tissue trauma and immune responses. A recent study demonstrated single-unit neural activity from the DRG surface, though
the electrodes were not suitable for long-term recordings and required downward force to yield signals.

Methods

To address these shortcomings, a new thin-film electrode array was designed to provide a close fit to the surface of the DRG. The
64-channel electrode array was microfabricated on an ultrathin (3.6 µm) polyimide substrate to provide flexibility to conform to the natural
curvature of the spinal roots (~1 mm radius). The iridium electrode sites (1130 µm^2 or 400 µm^2) have varying pitch (25-300 µm). Functionality of the array was tested in vivo in an anesthetized feline model after a lumbosacral laminectomy. When the array was placed on
lumbar DRG, surface tension yielded a contoured fit to the tissue without the need for additional downward force. Thresholded neural activity was manually sorted offline using commercial spike sorting software. A source localization algorithm was applied to spikes recorded simultaneously on polytrode channels.

Results

Impedances of the array were found to be 173 ± 35 kΩ at 1 kHz (369 ± 35 kΩ for small sites). Single-unit activity associated with a tactile
stimulus was observed on 18 unique channels, with multi-unit activity was observed on 27 unique channels. The mean signal to noise ratio for single-unit signals, calculated as peak to peak amplitude over three times the noise standard deviation, was 1.49 with a standard
deviation of 0.22. The source localization algorithm was applied and found signals recorded from depths of between 38 and 68 µm below
the surface.

Conclusion

These results demonstrate the ability of this novel array to record high-fidelity neural signals at the DRG. They also demonstrate the
unique ability of this array to map the locations of firing neurons in the DRG. We are currently in the process of refining our design and procedure. Future work will include optimization of the electrode and studies with chronic placement.
Supported by the Craig H. Neilsen Foundation (#314980) and National Institutes of Health (1U18EB021760).
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Electrodes
Encoding of Cursor and Hand Shaping Velocities by Primary Motor and Somatosensory Cortices
John Downey; Jeffrey Weiss; Michael Boninger, MD; Robert Gaunt, PhD; Jennifer Collinger, PhD
University of Pittsburgh

Introduction

Neural activity from motor cortex (M1) has been widely used in brain-computer interfaces (BCIs) to control external devices such as cursors or robotic hands. Here we compared neural tuning and BCI performance from recordings in somatosensory cortex (S1) relative to
those from M1 in both a biomimetic task (hand shaping) and an abstract task (cursor control). We expected that S1 would perform better
for the biomimetic task than the abstract task, though not as well as M1.

Methods

A participant with chronic C5 motor and C6 sensory AIS B spinal cord injury was implanted with two 88-channel intracortical microelectrode arrays in M1 targeting the arm and hand representation and two 32-channel microelectrode arrays targeting the hand region of area
1 in S1. To provide a fair comparison, 64 M1 channels with the same spatial layout as the S1 channels were used in this work. Linear velocity-based neural encoding models were fit for each unit to data recorded while the subject attempted to perform 2D cursor or hand
shaping movements while the kinematics were computer-generated. Regression model fits were compared across tasks and cortical areas. BCI performance was compared for both tasks using M1-only and S1-only optimal linear estimator (OLE) decoders (4 decoders total). To allow for a more complete comparison, performance was tested with computer assistance that cancelled any decoded velocities
orthogonal to the path from the current position to the target.

Results

Consistent with M1’s role in motor control, BCI control with M1 recordings was better than with S1 recordings in both cursor control
(100% vs. 47%) and hand control (90% vs. 60% respectively). The median encoding accuracies (R2) from best to worst were: M1-cursor
0.033, M1-hand 0.019, S1-hand 0.014, and S1-cursor 0.009. The distributions of neural encoding accuracies were significantly different between each pair of task-area conditions (p<0.0083, paired KS-test with Bonferroni correction).

Conclusion

As expected M1 recordings were better suited to BCI control than S1 recordings although it is interesting that S1 units did enable some
level of control even with neural encoding models developed for M1. Cursor velocity was more strongly represented in M1 than hand
shape while the opposite was true for S1 recordings. This suggests that the neurons recorded in M1 were better suited to controlling endpoint velocities, while the neurons in S1 were more modulated when imagining moving the hand than when attempting to control an abstract end effector (cursor).
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Brain Computer/Machine Interface
Selectivity of Afferent Microstimulation at the DRG Using Epineural and Penetrating Electrode
Arrays
Ameya Nanivadekar; Lee Fisher, PhD; Douglas Weber, PhD; Robert Gaunt, PhD, Christopher Ayers

Introduction

We have previously shown that microstimulation of the dorsal root ganglia (DRG) using penetrating electrodes can selectively recruit distal branches of the sciatic and femoral nerves in an acute preparation. In chronic implants however, the immune response to penetrating electrodes can diminishes the long-term viability of such an approach. Epineural electrodes, such as nerve cuffs, which do not penetrate the nerve can achieve a stable interface with peripheral nerves, albeit with lower selectivity. The goal of this study was to evaluate
the recruitment properties of epineural electrodes placed on the surface of the DRG and compare their performance with that of penetrating electrodes. Here, we compare the number of selectively recruited distal nerve branches and the threshold stimulus intensities between
penetrating and epineural electrode arrays.

Methods

To quantify the selectivity of DRG stimulation, we recorded antidromic propagation of evoked action potentials along many distal branches of the femoral and sciatic nerves in three cats. Antidromic activity was recorded via several nerve cuff electrodes implanted around up
to nine distal branches of the femoral and sciatic nerve trunks. In each cat, five-contact nerve cuff electrodes were implanted around the
sciatic and femoral trunks. Distal branches were instrumented with two-contact nerve cuffs made from split silicone tubing and stainless
steel wire. A custom book electrode was implanted on the tibial nerve and its branches. A laminectomy was performed to isolate the L5S1 DRGs and epineural electrodes (silicone and platinum, 750 µm diameter; Ripple, LLC) were placed on the epineural surface. A binary
search was carried out to identify the minimum stimulus intensity that evoked a response at any of the distal cuffs, as well as whether the
threshold response selectively occurred in only a single distal nerve branch.

Results

Epineural stimulation was selective for 74% of all electrodes (25/34) as compared to 85% for penetrating microelectrodes, across six ganglia in 2 cats. The recruitment threshold (median = 5.81 nC/phase) and dynamic range of epineural stimulation (median = 0.89 nC/phase)
was significantly higher than penetrating stimulation (0.68 nC/phase and 0.36 nC/phase respectively). The patterns of nerve recruitment
for each DRG were similar for stimulation through epineural and penetrating electrodes.

Conclusion

Despite higher recruitment thresholds epineural stimulation provides nearly comparable selectivity and superior dynamic range to penetrating electrodes. These results suggest that it may be possible to achieve a highly selective neural interface with the DRG without penetrating the epineurium.
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Peripheral Nerve Interfaces
Analyzing Coherence in Local Field Potentials with Manifold Learning
Amit Sinha
Draper Laboratory

Introduction

This study aims to characterize local field potential (LFP) data by inferring the lower dimensional manifold within the high dimensional
space that encompasses every pairwise interaction between the 80-90 electrodes each patient is wearing. Each patient is part of an epilepsy monitoring unit (EMU) which receives a benign stimulation while preforming no observable tasks. It is our hypothesis that the underlying manifold within the coupling space will change before vs after a stimulation since most patients describe a sensation of relaxation
immediately after being stimulated.

Methods

The methods used in this study include isomaps, diffusion maps, as well as the more recent geometric multiresolution analysis (GMRA).
Isomaps aim to preserve the geodesic distances within the data when it is represented as a weighted graph. Diffusion maps are based on
defining a Markov random walk along a graph representation of the data. Geometric multiresolution analysis considers the manifold within the data as a decomposed tree of subsets which, through affine approximation, yields a set of sub-manifolds, as well as the differences
between each subset along the dataset.

Results

The lower dimensional embedding is compared before and after stimulation for a subset of patients. We show that the inherent dimensionality changes between when comparing before stimulation vs after stimulation, across multiple patients.

Conclusion

This work is significant in that it aims to quantify the underlying structure in LFP data as patients as exposed to stimuli. This work could
be extended to observing changes in patients as they preform pre-defined tasks as well as give a detailed metric to brain activity over
time.
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Neural Signal Processing
Recent Advances in Photolithographically Defined Neural Interfaces on Softening Substrates
Romil Modi1; Walter Voit, PhD2
1 The Center for Engineering Innovation, UTDallas; The Texas Biomedical Device Center, UTDallas; Qualia Medical, Dallas, TX
2 Qualia Medical, Syzygy Memory Plastics, TX

Introduction

Over the past three years our lab has refined processes for fabricating thin film microelectronics on softening polymers to build the next
generation of neural interfaces. We describe more than 10 different neural devices with unique geometries and features that have been
fabricated for clinical collaborators and tested in animal models for interfacing with the vagus nerve, spinal cord, stomach and gut, sciatic
nerve, splanchnic nerve, carotid sinus nerve, and various regions in the brain including the visual, motor, and auditory cortex.

Methods

Fabricated and characterized flexible electronic cuffs, blankets and penetrating probes on our shape memory polymer (SMP) substrate for
stimulating, recording and blocking various nerves, tissues and organs in animal models. This high-level overview will describe the design
strategies employed and the close feedback loop refined with surgeons, neuroscientists and biomedical engineers to translate their needs
into proper lithographic designs. Our SMP substrates have a glass transition temperature slightly below body temperature after plasticization of the polymer network, allowing devices to be stiff at room temperature for surgical manipulation and insertion, but decrease in
elastic modulus by two orders of magnitude at body temperature to decrease the chronic mechanical mismatch with tissue. We describe
acute and sub-chronic experiments and will give updates on chronic tests that are currently underway. We describe substrate engineering
and tricks to modulate polymer chemistry, surface and interlayer adhesion during packaging. We describe methods to increase the charge
injection capacity of electrodes and will showcase exotic electrode designs for ultra-low impedance.

Results

This enables the development and integration of various electrode dimensions ranging from 0.0001 to 22.47 sq. mm for multichannel
electrode arrays with 2 to 64 channels containing various electrode interface materials like titanium nitride (TiN), sputtered iridium oxide
films (SIROF), electroplated iridium oxide films (EIROF) and platinum (Pt). Throughout this effort we have sent more than 500 devices to
12 leading companies and clinics.

Conclusion

We have recently formed a company called Qualia Medical in an effort to provide robust research tools to the neuroscience community, and are pursuing clinical therapeutics based on bioelectronic medicines with corporate and clinical partners. We describe the methods
and vision for the company that was founded with support from the DARPA SBIR program and through interactions with the technical and
business teams at GlaxoSmithKline. Fundamental understanding the geometric, physiokinetic and electrochemical behaviors of materials
at various scales is vital to translating technical innovations into the marketplace.
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Materials and Devices
A System for Inducing Artificial Hand Embodiment Using Concurrent Visual and Tactile Stimuli
Mahsa Alborz; Heather Benz, PhD; Talia Sieff; Kimberly Kontson, PhD; Eugene Civillico, PhD
US Food and Drug Administration

Introduction

The term embodiment refers to the sense of ownership of a body part. Although prosthetics can restore some function following limb
loss, true embodiment remains elusive. This may be due to the absence of natural sensory feedback. Accordingly, new prosthetic systems
that use electrical stimulation to provide this feedback hope to increase the sense of prosthesis embodiment.

Methods

To understand the input conditions necessary to induce embodiment, we have designed a system to induce embodiment effects using
concurrent visual and tactile stimuli. A subject’s real right hand and both upper arms are draped, and an artificial hand is placed on the
table in front of the subject with the wrist end covered by the drape, creating a visual illusion that the artificial hand is connected to the
subject’s arm. Two stimulators are used to synchronously tap the hidden right hand and the visible artificial right hand, creating a “rubber hand illusion” (RHI, Botvinick, 1998). Each stimulator consists of a programmable stepper motor (ISM-7411E, National Instrumentation Corporation) driving a displacement sensor (SG-DVRT-8, LORD MicroStrain Sensing Systems). To study the physiological response to
the illusion, two temperature sensors were constructed, each using a voltage divider (one 2 kΩ thermistor and 1 kΩ resistor) attached to
the middle phalanx of the index finger on both hands to monitor limb temperature. The temperature was recorded for 5 minutes of baseline (visual illusion only), 5 minutes during synchronous tapping (RHI), and 5 minutes after tapping stopped (post-RHI). Embodiment of the
artificial hand was then assessed using a standard RHI questionnaire and a proprioceptive drift assay, which registered the subject’s perceived hand location.

Results

The questionnaire responses of the subjects indicated that two of the three experienced the RHI. The subjects who experienced the RHI
displayed proprioceptive drift, toward the artificial (visible) hand. Limb temperature has been shown to reflect the extent of prosthesis embodiment (Moseley, 2008). To control for temperature fluctuations, the temperature ratio of the RHI (right hand) to the control hand (left
hand) was calculated. For the two subjects experiencing the illusion, we observed transient dips in the hidden/visible hand temperature ratio that were not time-locked to any particular stimuli.

Conclusion

In summary, the system successfully induced the RHI for two of three subjects, as evidenced by questionnaire results and proprioceptive
drift. In future work, EEG signals will be recorded during the experiment and additional temperature sensors will be used to decrease the
thermal variability.
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Neural Prosthesis
Evaluation of the Wireless Floating Microelectrode Array (WFMA) for Intracortical Stimulation
Phil Troyk, PhD1; David Frim, MD PhD2; Ben Roitberg, MD2; Vernon Towle, PhD2; Martin Bak3; Sungjae Suh, PhD1; Kazutaka Takahashi, PhD2;
Zhe Hu, PhD4
1 Illinois Institute of Technology
2 University of Chicago
3 MicroProbes for Life Science
4 Sigenics, Inc

Introduction

The WFMA is a hardware platform for a multichannel intracortical neural interface. Microsized wire electrodes and wireless electronics
are contained within a miniature implantable device (5mm diameter x 0.5 mm thickness). While designed for use in the visual cortex for
an intracortical visual prosthesis, the WFMA also been previously described for peripheral implantations in rodents, with results enduring
for over one year. Here, we report on the first use for cortical implantation in Macaque. Two WFMAs were implanted in the motor cortex of
two nonhuman primates. The goal was to evaluate the ease of surgical implantation and the neural interface functionality.

Methods

WFMAs were fabricated jointly by Microprobes for Life Science and Illinois Institute of Technology. Each WFMA contains wireless electronics above a superstructure that maintains the position of 16 AIROF electrodes. The WFMA uses a 5MHz transcutaneous inductive
link for power and forward commands. Reverse telemetry electrode waveforms use a low-frequency data carrier. Consistent with the approved animal protocol at the University of Chicago, and following a craniotomy over the central sulcus, a hand-held stimulation probe
identified motor areas for the hand and face. Using our high-speed electric insertion tool, two WFMAs were implanted into each of two animals at 1m/sec. Dura, skull and scalp closure employed normal surgical techniques.

Results

Following WFMA implantations, the sites showed no visual evidence of surface blood vessel leakage, and the devices were physically stable (Figure 1). Electrical operation of each WFMA was confirmed immediately after surgery by transmission of the WFMA power supply.
Post-implant testing has taken place over two months for each animal (A and B). We focused upon observing face and hand motor movements in animal A, and measuring chronic electrode voltage transients in animal B. Despite experimental limitations of the non-head restrained sessions, stability was seen for both the motor movements and the voltage transients. Averaged access resistance and polarization data are shown in Figure 2. Testing is on-going.

Conclusion

Considering the longevity of the WFMAs in the rodent experiments, it is expected chronic testing in the Macaque will similarly show continued functionality. These first-ever experiments of a fully implantable, self-contained, 16-channel intracortical stimulator requiring no percutaneous connection are significant when considering the possible uses of the WFMA as neural prostheses for vision or hearing, motor
stimulation, nerve interfaces (emerging bioelectronic medicine), or neuroscience research.

Animal
A
B
Inserter tool

Figure 1 – WFMAs implanted in two macaques.

WFMA Stability for Macaque Cortical Implants
Averages for 32 electrodes (2 WFMAs)
Days Implanted
Electrode Parameter
in-vitro Day 16 Day 43
Access Resistance (kΩ)
12.6
61.7
52.4
Polarization (V)
0.92
1.25
0.99
Figure 2– WFMA voltage transient results
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Wireless Systems
Wireless Arrays Reliably Evoke Stable, Graded, and Selective Stimulation in Peripheral Nerves for
Over 14 Months
Aswini Kanneganti1; Felix Deku, BS1; Samuel Bredeson, BS2; Philip Troyk, PhD2; Stuart Cogan, ScD1; Mario Romero-Ortega, PhD1
1 University of Texas at Dallas
2 Illinois Institute of Technology

Introduction

Wired microelectrode interfaces are commonly used to interrogate the intraneural activity of both somatic and autonomic peripheral
nerves, and to achieve specific neural modulation through localized stimulation. Previously reported sub-chronic studies with indwelling
electrodes have shown functionality for up to five months. However, long-term studies (ie, >12 months) face several device-related challenges including insulation breakage, wire damage, dislodged connectors, and tissue inflammation in response to electrode micromotion
injury, which limit their use. Wireless systems have been proposed as an alternative to tethered devices. Despite the merits, there are critical challenges to overcome for long-term reliable use of such systems, including optimizing device powering mechanisms and packaging
of the electrode array and circuitry.

Methods

We recently developed a Wireless Floating Microelectrode Array (WFMA) with an application specific integrated circuit (ASIC) designed for
power, bidirectional communication and command processing. Two WFMA’s were implanted in adult female Lewis rat sciatic nerves. Motor activation thresholds were determined over the duration of 14-15 months post implantation and the associated hind limb movement
was translated to velocity measurements with video analysis.

Results

Here, we report that the WFMAs are capable of sustaining functional intrafascicular nerve stimulation in the rat sciatic nerve for over 14
months, as demonstrated by spatially selective motor recruitment of the hind limb muscles. The number of electrodes effective in evoking a motor response increased from 70-80% after implantation, to 90-100% over the following 140 days, and remained stable for over 300
days with less than 10% change in motor thresholds. The average charge per phase at motor threshold revealed that electrodes with relative large surface area (ie, 1500 - 2000 µm2) are less variable (1-4nC/ph) in comparison those with smaller (500 -1000 µm2) areas. Evoked
hind limb velocity showed a graded response directly correlated to pulse amplitude and pulse width increase. Furthermore, co-activation
of specific electrodes recruiting the gastrocnemius muscle showed a graded increase in the velocity, which we interpreted as an increased
number of axonal fibers being activated. During harvesting post 14-months of implantation, the electrodes were stable and showed mild
connective tissue growth.

Conclusion

This study demonstrated the high reliability of WFMAs as neural interfaces for intrafascicular peripheral nerve stimulation over 14
months. These devices can be used to achieve long-term selective and graded evoked response without obvious deleterious effects. Our
data provides support for the use of wireless interfaces to investigate promising CNS and PNS applications.

WFMA neural stimulation stability over time.
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Wireless Systems
A Super Long MEMS Neural Probe for Recording Neural Spiking in Deep Brain Structures
Eric Kim; Hongen Tu, PhD; Hao Luo, PhD; Jinsheng Zhang, PhD; Yong Xu, PhD
Wayne State University

Introduction

Penetrating microelectrode neural probes provide an effective method for recording single-unit neural spiking in vivo. MEMS based silicon/polymer neural probes have advantages such as 1) batch fabrication, and 2) high precision on a micron scale. However, the length
of these MEMS probes is limited due to the brittleness of silicon and the contrasting softness of polymer. We have developed a novel ultra-long parylene tube MEMS neural probe over 18 mm long that can be reinforced by materials reversibly inserted into the shaft of
the probe. Additionally we have demonstrated the insertion of optical fibers for optogenetic stimulation and recording from deep brain
structures.

Methods

In a process we have previously reported, microfabrication of these probes uses xenon difluoride (XeF2) gas to isotropically etch microchannel trenches in a silicon-silicon dioxide substrate with patterned gold thin film electronics on its surface. Two parylene layers form
sealed microchannels that conform to the shape of these cavities and seal the bottom of the electronics. The depth of these channels
was controlled by the duration of XeF2 etching, and lateral width was controlled by vertical parylene walls formed by parylene refilling of
narrow deep reactive ion etched (DRIE) trenches in the silicon. Device shaping and releasing was performed by oxygen reactive ion etching (RIE) for parylene and DRIE for silicon. Parylene microchannels were intended to be 150 x 150 microns to accommodate either 140 micron stainless steel needles or 125 micron optical fibers.

Results

Scanning electron microscopy revealed that we achieved the intended dimensions. AC impedance spectroscopy showed 1-2 MOhm impedances at 1KHz for gold microelectrodes in 1X PBS versus platinum. Probe insertion tests in 0.6% agarose gel neural tissue phantom
with an optical fiber showed an average maximal force of 5.7mN. Light coupling attenuation was found to be 1.4dB through the transparent parylene walls of the probe. Preliminary in vivo tests in rat amygdala from a dorsal approach with stainless steel needle inserted
probes show successful neuron spiking activity recording.

Conclusion

We have successfully fabricated and demonstrated a super long MEMS neural probe for recording neural spiking in deep brain structures.
The ability to tune the mechanical strength of these probes with removable inserts combined with the ability to provide optical stimulation
using an optical fiber insert make this 18 mm long probe advantageous for use in recording neural signals from deep brain structures.
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Electrodes
A MEMS Parylene Tube Cochlear Implant Device for Use in a Rat Model of Tinnitus
Eric Kim; Hao Luo, PhD; Syed Ahsan, MD2; Jinsheng Zhang, PhD1; Yong Xu, PhD1
1 Wayne State University
2 Henry Ford Medical Center

Introduction

Modern cochlear devices are manually assembled using microwires bonded to ring electrodes and positioned in a flexible probe that is
micro injection molded, limiting the minimum size of the probes. There is a strong desire to use MEMS processes to make cochlear implants that can take advantage of MEMS batch processing, high reliability, and microprecision. Despite their popularity in scientific research, rats are a challenging cochlear implant model due to the small dimensions and tight curve of their cochleas. We have developed
a micro Parylene C tube MEMS cochlear implant device for use in rat cochleas that integrates microfluidic channels for drug delivery and
mechanical tuning for improved implantation in this challenging model.

Methods

The fabrication of these probes uses a shaped silicon substrate. Narrow vertical trenches formed by deep reactive ion etching (DRIE) form
parylene refilled walls that guide XeF2 gas etching and reinforce parylene structures. XeF2 etching through a porous parylene layer forms
semicircular trenches that form sealed parylene microchannels upon deposition of a second parylene layer. Gold thin film electronics are
patterned on the top parylene surface and insulated with a final layer of parylene. Parylene patterning and silicon shaping for device release were performed with oxygen reactive ion etching (RIE) and DRIE. Into some of these parylene microchannels, we inserted either 50
micron stainless steel wires and/or injected polydimethylsiloxane (PDMS) to strengthen the probes and provide some degree of buckle resistance. Finally, iridium oxide was electrodeposited on the gold microelectrodes to improve the charge injection threshold of the material.

Results

Scanning electron microscopy revealed that we achieved our intended dimensions. AC impedance spectroscopy showed 3-10 KOhms impedances for gold and 1.5 KOhms at 1KHz in 1X PBS versus platinum. Cyclic voltammetry before and after iridium oxide electrodeposition
shows a clear and significant increase in surface charge capacity. A blue iridium oxide layer on microelectrodes was observed by optical
microscopy. Fluidic delivery tests using pressure driven water flow from a syringe showed advancing fluid fronts in the channels and the
formation of droplets at exit ports. Mechanical tests were also performed comparing the wire/PDMS filled probes with empty probes.

Conclusion

We have successfully fabricated and demonstrated a MEMS parylene tube rat cochlear implant device with microfluidics and tunable mechanical properties. The small dimensions and the tunable mechanical properties of this probe make it ideal for use in the challenging
conditions of rat cochlear implantation studies.
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Auditory Prosthesis
Data-Driven Identification of Fine-Wire Intramuscular Electrode Locations
Carl Beringer; Misagh Mansouri, PhD1; Tyler Simpson, MS1; Lee Fisher1; Michael Munin1; Michael Boninger, MD1; Jennifer Collinger, PhD1;
Robert Gaunt, PhD1
1 University of Pittsburgh

Introduction

Fine-wire intramuscular electromyography (EMG) is a method of recording electrical activity with high spatial resolution from muscles that
may be too small or deep for surface electrodes to accurately record. These fine-wire electrodes are typically inserted into muscles percutaneously using muscle palpation and external anatomical landmarks. Verification of electrode placement is often confirmed by observing
EMG activity during specific movements. However, in the forearm there are many small muscles, including multi-compartment muscles,
that are active during many movements of the hand and wrist, making this verification method challenging. The aim of this work is to determine the most likely location of the electrodes using simultaneously collected EMG and hand kinematics.

Methods

Sixteen bipolar fine-wire electrodes were implanted in the major extrinsic flexor and extensor muscles of the hand of six able-bodied participants. Electrode insertion was performed by a physician using ultrasound guidance. EMG and detailed hand kinematics were collected
while subjects performed repetitive single degree-of-freedom movements of the thumb, fingers, and wrist. Kinematic data were captured
at 100 Hz using 13 6DOF electromagnetic sensors (Track Star Ascension, VT USA) attached to the hand and wrist. Linear regression was
performed between specific joint angle velocities and z-scored EMG activity for the separate phases (positive and negative velocities) of
the movement. Muscles were identified by the movement that generated the largest slope difference, and confirmed by inspection of EMG
activity during movement phases.

Results

Large slope coefficient differences between flexion and extension movements were representative of EMG channels that were strongly
modulated during a specific joint movement phase, with the sign of the difference identifying the movement phase itself. We found that
many other muscles were also active during these single joint movements but were often active during both flexion and extension, resulting in a low slope coefficient difference, and suggesting a stabilizing role. Results from a single subject show that four of the sixteen electrodes were in a different location than expected based on the ultrasound guidance. Of these, three electrodes were in the correct muscle
but were located in a difference compartment (e.g., in FDS2 instead of FDS4).

Conclusion

A data-driven approach is necessary for validating the placement of electrodes in forearm muscles. Comparison of regression coefficients during difference movement phases allows for a standardized way to assess EMG activity and movement, which can then be used
to identify EMG electrode the locations.
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Neural Signal Processing
Simultaneous Optical and Electrical In Vivo Analysis of the Enteric Nervous System
Nikolai Rakhilin1; Bradley Barth, BS1; Jiahn Choi2; Nozomi Nishimura2; Xiling Shen, PhD1
1 Duke University
2 Cornell University

Introduction

The enteric nervous system (ENS) contains the largest population of neurons in the peripheral nervous system, 5 times the amount in the
spinal cord, and is often referred to as the “second brain” due to its autonomous functions. Damage to the ENS is associated with inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), Parkinson’s disease, and other functional gastrointestinal disorders (FGIDs),
which affect one quarter of the world’s population. However, little is known about the ENS—unlike the brain and spinal cord—there was no
way to probe ENS dynamics in live animal models, limiting our capacity for diagnosing the fundamental causes of those diseases.
To investigate ENS activity in vivo for the first time, we have designed an implantable murine abdominal window with an integrated
graphene sensor through which we can detect both electrical and fluorescent activity in the gut.
Methods
The sensor containing graphene electrodes was manufactured via chemical vapor deposition on a quartz substrate, which was adhered
to a borosilicate glass window. Wires passed through via holes, from the electrodes to a differential amplifier.
The integrated sensor was implanted with an intestinal scaffold into 6- to 8-week old transgenic mice. Neurons were fluorescently marked
in Wnt1-Cre:tdTomato mice, and dynamic neural activity was monitored using GCaMP technology in Pirt-GCaMP3 mice. After recovery,
mice were anesthetized and imaged through the window using two-photon microscopy while simultaneously recording electrical activity
from the graphene electrodes.
Results
After implantation of the window into a Wnt1-tdTomato mouse that has fluorescently labeled neurons (red) and vasculature (green), we
were able track the same location in the intestine over the course of 11 days via two-photon microscopy (Fig 1a-b). Implanting the integrated sensor into Pirt-GCaMP3 mice allowed us to monitor neuron firing by recording the change in fluorescence from GCaMP3 calcium
indicators. Simultaneous electrical recordings of ENS activity were taken using the graphene sensor, showing a direct correlation between
the GCaMP3 associated fluorescence and electrical potential changes (Fig 1c).
Conclusion
For the first time, we have demonstrated the real-time simultaneous optical and electrical recording of neuron activity in the ENS. Using
this technology we can track the effect of drugs, neurotransmitters, and other stimuli on the ENS over a prolonged period of time, minimizing the variation between animals and giving a unique perspective on gut dynamics. This technology will open the door to study the ENS
at an unprecedented spatiotemporal resolution.
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Optical Stimulation/Recording
Application of Musculoskeltal Modeling and Static Optimization to Prosthetic Hand Control
Misagh Mansouri; Valeriya Gritsenko, PhD1; Sergiy Yakovenko, PhD1; Carl Beringer, BS2; Tyler Simpson, MS2; Michael Boninger, MD3; Michael
Munin3; Lee Fisher2; Jennifer Collinger, PhD2; Robert Gaunt, PhD2
1 West Virginia University
2 University of Pittsburgh
3 UPMC

Introduction

Obtaining dexterous control of a prosthetic hand using EMG signals has proven to be a challenging task. We are exploring whether recent
advances in numerical simulations and musculoskeletal modeling could be used to improve prosthetic hand control. Here, we use a musculoskeletal model and static optimization to estimate the muscle activations associated with experimentally measured kinematics and
dynamics. Estimated muscle activations are then compared with extrinsic hand muscle activity recorded from many intramuscular EMG
electrodes during a large suite of movements. Using simulations to estimate optimal muscle activations will allow interpretation of experimental EMGs and could further be used to fine-tune filter parameters necessary for control of a prosthetic hand.

Methods

Nine able-bodied subjects had 16 intramuscular EMG electrodes placed into extrinsic forearm muscles using ultrasound guidance. Detailed hand kinematics was captured using a trakSTAR electromagnetic motion tracking system. Instructed tasks included single joint
movements, multi-joint movements, the Action Research Arm Test, and force guided movements. Musculoskeletal hand models, based
on published models, were created in OpenSim with 27 muscles and 30 degrees of freedom. The model was scaled to the subject’s arm
size. Inverse kinematics and inverse dynamics were used to calculate joint angles and joint torques, respectively. Static optimization was
used to calculate muscle activities associated with the recorded movement while minimizing the total muscle activation squared. Simulated muscle activities were compared with the experimental recordings to validate simulation results.

Results

Estimated muscle activations from static optimization were modulated by the recorded kinematics. In certain cases the simulated muscle activations were comparable to the experimental EMG (e.g., wrist flexors and extensors during wrist movement trials) but in other cases there were notable differences (e.g., finger flexors and extensors during wrist movements). The timing of simulated muscle activity was
similar to the experimental EMG. However the relative magnitudes of the simulated muscle activations were often different. In addition,
we found that finger flexors and extensors were frequently co-activated in the experimental data, while this was less often the case in the
simulated activations.

Conclusion

Combining intramuscular EMG recordings with musculoskeletal simulations could improve methods for controlling prosthetic hands by
relating underlying muscle activities to hand kinematics and dynamics. The optimization cost function used in this study minimized total
metabolic cost, however we found that this approach did not model certain muscle activities well. Future work may be needed to investigate alternative optimization cost functions for dexterous hand movements.
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Neural Prosthesis
Multisensory Neuromodulation: Activating Peripheral Nerves to Induce Brain Plasticity
Cory Gloeckner; Hubert Lim, PhD
University of Minnesota

Introduction

One underappreciated form of noninvasive neuromodulation is the ability to modulate the brain by activating various peripheral nerves, including the trigeminal nerve and other somatosensory nerves. The brain is vastly connected through multimodal integration, and these
connections may allow us to modulate neural firing in specific target regions by pairing multiple inputs with the correct timing to converge
on a single area, which could be viewed as “neural beamforming” and what we call Multimodal Synchronization Therapy (mSync). Recent
data further suggest that skin activation may play a role in brain plasticity induced by tDCS/tACS. In this study, we investigated the plasticity effects caused by electrical stimulation of somatosensory nerves paired with acoustic activation of the auditory system at different
delays. We recorded the effects in the auditory cortex (A1) and somatosensory cortex (S1), which are regions linked to some forms of tinnitus and pain, respectively.

Methods

We positioned 32-site electrode arrays in the right A1 and S1 of ketamine-anesthetized guinea pigs and compared spontaneous and sensory-driven activity before and after different mSync paradigms. Subcutaneous needle electrodes were used for electrical somatosensory
stimulation of various body regions, and each location was paired with broadband noise stimulation to the left ear with varying inter-stimulus delays (between -25 and 25 ms). These results were compared to control, where mSync was replaced with no stimulation.

Results

In A1, when acoustic stimulation was combined with mastoid skin stimulation, neural firing was primarily suppressed regardless of inter-stimulus delay, always inducing neural changes in more recording locations than control (p<0.01, paired rank-order t-test). When pinna
stimulation was used, one interstimulus delay had significantly more suppression than facilitation (p<0.01), while all other delays induced
nearly equal amounts of suppression and facilitation. In S1, stimulation of different body locations induced differential plasticity effects
when combined with acoustic stimulation.

Conclusion

mSync can induce plasticity in A1 and S1. By modifying the somatosensory stimulation location and inter-stimulus delay relative to acoustic stimulation, we can control the amount, location, and type (suppressive versus facilitative) of plasticity effects. The ability to converge
brain activation from multiple stimuli through neural beamforming may enable treatment of various sensory disorders such as tinnitus
and pain. If the treatment effects published for tDCS/tACS are also mediated, at least in part, through skin stimulation, mSync may be applicable to other neurological and psychiatric disorders.
Funding: NSF IGERT DGE-1069104, MD5M Lions, NIH NCATS UL1 TR000114, MnDRIVE, UMN IDF.
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Neuroplasticity and Rehabilitation
Safe Direct Current Stimulation Increases the Dynamic Range of Head Velocities Encoded by Vestibular Prosthesis
Dilawer Singh; Gene Fridman1; Yu Zheng, MSE
1 Johns Hopkins University

Introduction

The vestibulo-ocular reflex (VOR) stabilizes vision in response to head motion. The main components responsible for detecting head rotation are the three semi-circular canals (SCCs) located in each inner ear. SCCs in normal ears are bi-directional sensors of head rotation:
they up-modulate vestibular nerve afferent activity above spontaneous firing rates during ipsilateral head rotations and down-modulate
activity below spontaneous levels during contralateral rotations.[1] Individuals with bilateral vestibular deficit (BVD) have significant loss of
vestibular sensation which causes destabilization of vision during head motion resulting in dizziness and disequilibrium and could be aided by a multichannel vestibular prosthesis (MVP).[2] An MVP modulates the activity of surviving afferent fibers based on head motion detected by gyroscopes and encodes it with pulsatile stimuli delivered to the vestibular nerve. However, the range of head velocities the MVP
evokes is small. One hypothesis that explains this unresolved problem is that the vestibular nerve afferents maintain spontaneous activity
and delivering pulses to encode head rotation can increase the firing rate but not decrease it below baseline.
Methods
Safe Direct Current Stimulation (SDCS) technology from our lab delivers ionic current to the vestibular nerve to suppress its spontaneous
activity.[3] To conduct experiments, chinchillas have electrodes surgically placed in the SCCs, and a fluorescent marker is attached to the
eye. Software developed by our lab controls the MVP to stimulate afferent fibers using sinusoidally modulated pulse trains with varying
pulse rates while the camera detects eye movement.
Results
Vestibular prosthesis experiments with (VP+DC) and without SDCS stimulation (VP) suggest improvement 4.5 ± 2.5 for movements in the
direction of the prosthesis and 3.3±1.6 for head movements away from the prosthesis when SDCS was used to suppress spontaneous
neural activity. The figure shows the results from four separate experiments.
VP+DC
VP Alone
VP+DC
VP Alone
Conclusion
Our experiments suggest a method for significantly improving the dynamic range of head velocities that can be encoded by the vestibular
prosthesis. While the explanation for why the dynamic range improves for head motion away from the implant appears clear based on the
spontaneous activity of the vestibular afferents, the improvement of the dynamic range of head motion toward the implant encoding is not
easily explained. We are hypothesizing that the neural processing that interprets the input from the vestibular afferents has a spontaneous
activity set-point that the brain easily adapts to, but the fundamental properties of the network remain unchanged.
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Auditory Prosthesis
Peripheral Nerve Stimulation Restores Proprioceptive Sensation
Ivana Cuberovic; Emily Graczyk; Matthew Schiefer, PhD; Dustin Tyler

Introduction

Proprioception is important for executing movements. Individuals without proprioception, such as amputees, rely on vision for movement
feedback, which increases cognitive burden during task performance. Any disruption to vision significantly degrades performance with the
prosthesis. Thus, prostheses are often relegated to supporting functions. This study reports on work to provide functional, intuitive proprioceptive feedback with direct neural interfaces.

Methods

This is a case series consisting of two experiments with one unilateral transradial amputee with Flat Interface Nerve Electrodes (FINEs)
implanted on his median and radial nerves since January 2013. Electrical stimulation of the median FINE resulted in sensations of hand
motion. The subject mirrored his phantom hand’s position with his intact arm. A CyberGlove™ system captured changes in joint angle.
Electromyography (EMG) recordings of the residual muscles in the amputated limb indicated concomitant level of muscle activation. The
subject verbally reported the sensation quality.
Stimuli were biphasic with constant amplitude (0.7 mA) and frequency (100 Hz). Stimulation phase duration varied from 1-5 seconds. In
one session, four pulse width (PW) envelopes were used: flat, ramp up, ramp up then down, and ramp up then hold. In the second session,
only the flat PW envelope was used, but its amplitude was set to one of five evenly distributed levels between sensory threshold (120 µs)
and the hardware maximum (255 µs). In both, EMG envelopes were found by bandpass filtering, rectifying, integrating, and normalizing to
a maximum voluntary contraction. Calibrated joint angle traces were extracted from CyberGlove™ data.

Results

The presence of proprioception and EMG were strongly associated (Fisher exact test p<0.001). Further, the shape of the pulse width envelope, the evoked EMG, and measured joint motion were strongly positively correlated. The mean normalized cross-correlation coefficient
between stimulation PW envelope and EMG was 0.90±0.15, PW envelope and joint angle was 0.84±0.13, and EMG and joint angle was
0.77±0.20.
The EMG signal was quantified by normalizing the area under the curve (AUC) of the EMG envelope by trial duration. The perceived motion
was quantified by the measured range of motion. Duration and PW affect the magnitude of the evoked EMG and extent of perceived motion. However, PW variation led to a larger dynamic range of perceived motion and better correlation (linear regression r2 > 0.95).

Conclusion

EMG strongly correlates with user proprioception. EMG and joint angle are affected by the shape and magnitude changes in PW.
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Clinical Neuromodulation
Bimanual Coordination of Natural Movement with Electrocorticographic Brain-Computer Interface
Control by Individual with Hemiparesis
Devapratim Sarma; Jing Wu, BS; Jeremiah Wander, PhD; Jeffrey Ojemann; Rajesh Rao, PhD
University of Washington

Introduction

Conventional wisdom applies brain-computer interface (BCI) technologies to patients who no longer exhibit any significant motor control
abilities. However, there are much larger populations of patients, such as stroke survivors, that retain some residual natural motor function
and who, even with degradation, could benefit significantly from modulation through BCIs to regain lost function. An important question
that has yet to be systematically studied in evaluating the applicability of BCIs to real world bimanual coordinated natural movement is:
can subjects use BCIs simultaneously coordinated with overt motor activity? Understanding the learning process as well as how the neural signal adapts during coordination, could be significant in the development of BCIs for real-world use.

Methods

An 18-year-old male with intractable epilepsy was implanted with electrocorticographic (ECoG) grids over the right hemisphere for clinical
monitoring prior to surgery. g.USBamp biosignal amplifiers (g.Tec) were used to acquire neural signals from the ECoG electrodes. Due to a
perinatal infarct (right MCA), subject suffered from lifelong hemiparesis with severely limited motor ability on the left side. The subject was
trained to interact with a 2-D center-out cursor task in which velocity in the y-dimension was driven by the modulation of high-gamma (70200Hz band) activity in a single electrode over right motor cortex related to left-hand motor imagery and position in the x-dimension was
controlled by keyboard (arrow keys) presses from the right hand. Eight targets, equidistant from center were radially distributed and randomly presented for 6 seconds at a time. Targets along xy-diagonals required coordinated control of right (overt) and left (imagined) hand
behaviors.

Results

Over the course of 2 days (roughly 460 total trials), the subject gained proficiency and demonstrated a high-degree of accurate and precise control despite confounding neural activations related to ipsilateral motor activity. Fig1-b shows the average directional accuracy by
target and example traces from the first and last runs, showing marked contrast in user-control from beginning to end. As user-control improves during each target type (Fig1-a), high-gamma activation patterns consolidate over time as per the target y-axis modulation requirement (y+/y-), effectively countering the significant HG activations related to right hand movements (x+/x-).

Conclusion

Subjects’ ability to modulate and adapt their HG signal despite confounding ipsilateral interference underscores the utility of BCI-training
even with damaged cortical areas. These results provide steps towards adapting BCIs for patients with similar cortical deficits for the purpose of dexterous bimanual coordinated control.
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Brain Computer/Machine Interface
Platinum-Iridium Electroplated Deep Brain Stimulation Electrodes
Artin Petrossians; John Whalen, PhD; James Weiland

Introduction

Deep brain stimulation (DBS) devices are used for treatment of movement disorders. These devices deliver electrical signals to the surrounding tissue through electrodes, to elicit specific therapeutic responses. In order to target specific cells, smaller and less invasive electrodes are needed. However, conventional electrode materials cannot deliver the same amount of the electrical charge with small sizes. This limitation severely restricts the stimulus output. As a result, more efficient electrode materials will benefit today’s and future DBS
implants.

Methods

In this investigation, DBS leads were electrodeposited with high-surface area platinum-iridium coating using a material-efficient and low
cost electroplating process, fabricating ultra-low impedance brain/machine interfaces. A platinum-iridium coated DBS lead was used to
test the coating adhesion using shear force by insertion test into cadaveric pig brain and four platinum-iridium coated DBS leads were
used for chronic pulse testing for 12 weeks, using commercial pulse generators. Electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and electrode voltage/current measurements during pulsing (pulse) were used to evaluate the electrodes.

Results

The electrical testing results showed that the commercial DBS leads modified with platinum-iridium were robust to shear force due to insertion into brain tissue. EIS data were virtually unchanged after insertion. Sixteen contacts across 4 leads were pulsed for 12 weeks, 24
hours/day. All contacts were coated with Pt-Ir. 2 sets of pulse parameters were used on 8 contacts each: 2V, 90 us, 100Hz and 5V, 150 us,
100 Hz. EIS, CV and pulse data were stable after 12 weeks of continuous pulsing. Throughout the 12 weeks of pulsing, 10 Hz impedance
remained reduced by more than 2 orders of magnitude and 1 kHz impedance was reduced by more than 56%, compared to uncoated contact. After 12 weeks of pulsing, an average 46% increase in charge injection across all 16 electrodes was measured for a 2V, 90us pulse,
compared to the average charge injection across these electrodes prior to coating.

Conclusion

These results suggest that platinum-iridium coatings can survive the initial placement procedure with minimal change to their impedance
performance and subsequently deliver significantly higher electrical charge density vs. platinum foils for sustained period. Hence, we conclude the PtIr offers superior advantages for DBS devices and neuromodulation applications.
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Brain Computer/Machine Interface
DBS Creates Impulse Control Disorders and Fails to Restore Parkinsonian Apathy and Action Selection Deficits
Collin Anderson; Alan Dorval, PhD
University of Utah

Introduction

As many as 70% of Parkinson’s Disease (PD) patients experience symptoms of apathy, frequently unresolved or worsened by deep brain
stimulation (DBS) of the subthalamic nucleus (STN). Additionally, as many as 56% of patients receiving DBS for PD may experience
new-onset impulse control disorders of varying severity following therapy initiation. Some animal-based studies have been performed to
examine these symptoms and side effects, but more work is needed to understand their origin and how to prevent them.

Methods

We created a behavioral configuration and tested the behavioral effects of DBS in the context of healthy-control and hemiparkinsonian
(hPD) rodents. Rats were trained on either a go/stop or a go/no-go task and their behavior was quantified under each of control, control +
DBS, hPD, and hPD + DBS conditions.

Results

We found that DBS of the STN in healthy rodents lead to more impulsive behavior in the form of stop and no-go task failure, impulsive reward seeking, and non-instructed task attempts. Additionally, based on the timing of stop and no-go cue failures, we found evidence to
support that STN-DBS interrupts signals responsible for action cancellation. Finally, we demonstrated that hemiparkinsonism leads to
slowed cue response times and greatly reduced response rates, unrestored by DBS.

Conclusion

Since DBS functions by overriding pathological electrophysiological activity, rather than restoring the activity seen under healthy conditions, it may be that certain neurological signals responsible for healthy action selection are interrupted by PD and not restored by DBS,
leading to apathy and misweighting of various actions in the context of reward-based action selection. This work will enable future electrophysiological studies into the mechanisms of DBS-induced action suppression deficits and PD-induced apathy and action selection
deficits.
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Deep Brain Stimulation
Closed-Loop ECoG Stimulation Induces Hebbian Plasticity in Sensorimotor Cortex of Awake Monkeys
Stavros Zanos; Irene Rembado, PhD1; Eberhard Fetz, PhD2
1 Italian Institute of Technology
2 University of Washington

Introduction

In nonhuman primates (NHPs) Hebbian cortical reorganization can be produced by closed-loop electrical cortical stimulation (CL-ECS),
delivered intracortically and triggered from single unit activity (Jackson et al 2006) or oscillatory field potentials (D-F Chen, PhD thesis).
Such targeted cortical plasticity could be potentially used to improve rehabilitation outcomes in patients with stroke. However, in order for
CL-ECS to be tested clinically, minimally invasive methods for recording and stimulation need to be deployed, and appropriate control signals and stimuli need to be identified. We used electrocorticography (ECoG)-based CL-ECS to produce targeted cortical plasticity in awake
NHPs and characterized the spatial and temporal features of the plasticity effects.

Methods

In the sensorimotor cortex of 2 awake NHPs, we delivered CL-ECS at a “stimulated” site (CSTIM) triggered from depolarizing or hyperpolarizing phases of beta (12-25 Hz) oscillatory cycles in ECoG activity recorded at another, “triggering” site (CTRIG). CTRIG received synaptic projections from CSTIM, as revealed by cortico-cortical evoked potentials (CCEPs), whose amplitude reflect the strength of the projection. CCEPs
elicited by test stimuli delivered every 500 ms at CSTIM outside of oscillations were recorded to quantify the effect of CL-ECS on cortical
connectivity and resolve its duration.

Results

When CL-ECS was triggered from a depolarizing phase of 3 or more consecutive beta cycles, CCEPs at CTRIG became larger; when CLSECS was triggered from a hyperpolarizing phase, CCEPs became smaller. These changes lasted between 1.5-2.5 s after the end of the oscillatory episodes. Similar changes were observed in CCEPs evoked from CSTIM at other, “non-triggering” sites (CNTRIG); their magnitudes
were typically smaller than those at CTRIG. The effect at a CNTRIG was directly proportional to the phase consistency of ongoing beta oscillations at that CNTRIG to the timing of cycle-triggered stimuli. Because that phase consistency generally decreased with increasing distance
from CTRIG, the plasticity effects were stronger around CTRIG; there was no consistent relationship to the distance from CSTIM.

Conclusion

Cortical surface stimulation triggered from phases of ongoing beta oscillations in sensorimotor cortex of awake monkeys induces shortterm, phase-dependent bidirectional plasticity in cortical connectivity. The plasticity effect at a cortical site could be predicted by its stimulation phase and variance relative to the cycle-triggered stimuli. We are currently investigating how vagus nerve stimulation modulates the
magnitude and the duration of these plasticity effects.
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Brain Computer/Machine Interface
Investigating Ultrasound Suppression and Activation Effects on Sciatic Nerve In Vivo
Hongsun Guo1; Mark Hamilton, MS1; Cory Gloeckner1; Hubert Lim, PhD1; Sarah Offutt, PhD2; Yohan Kim, PhD2; Jamu Alford, PhD2
1 University of Minnesota
2 Medtronic

Introduction

Ultrasound stimulation has been shown to modulate nerve activity from in vitro and in vivo studies based on compound action potential
(CAP) recordings. Some studies suggest that ultrasound can increase the CAP while other studies suggest it mainly suppresses nerve activity. In our study, we investigated if ultrasound can directly activate the sciatic nerve in vivo without activating the somatosensory receptors and if there are parameters in which ultrasound stimulation can suppress sciatic nerve activity.

Methods

Thirty-two site arrays were positioned within the right primary somatosensory cortex (S1) of ketamine-anesthetized guinea pigs. The left
sciatic nerve was exposed and hammocked (wrapped and lifted away from surrounding tissue) with parafilm attached to the ultrasound
transducer to minimize activation of surrounding tissue. Stimulating (distal to spine) and recording (proximal to spine) electrodes were
wrapped around the sciatic nerve. Ultrasound stimulation (0.22, 0.52, 0.90, 1 MHz) was presented with single pulses or multiple pulses on
the skin surface of the leg, exposed nerve, and hammocked nerve. Electrical stimulation of the nerve was also performed before and after
ultrasound stimulation to evaluate if ultrasound could suppress nerve activity based on S1 and CAP responses.

Results

Noninvasive ultrasound stimulation of the skin over the sciatic nerve or invasive stimulation of the exposed sciatic nerve elicited spiking
activity in S1. However, ultrasound stimulation of the hammocked nerve (up to 842 W/cm2, numerous pulsed parameters) could not elicit S1 or CAP activity, suggesting ultrasound-induced S1 responses were caused by activation of receptors rather than direct nerve activation. For suppression, several ultrasound parameters induced residual changes in sciatic nerve activity. For example, a 5-minute, 50 ms
on-time/per second pulsed stimulus (842 W/cm2, 1 MHz) or a 10-minute, 500 ms on-time/per second pulsed stimulus (8.42 W/cm2, 0.52
MHz) could suppress S1 activity in response to electrical stimulation of the sciatic nerve that recovered over time (e.g., tens of minutes).
Interestingly, the corresponding CAP response was not affected or even increased over time, suggesting that the CAP does not only reflect
sciatic nerve activity.

Conclusion

Our findings suggest that ultrasound stimulation cannot readily activate the sciatic nerve but it can suppress the nerve with certain parameters. The inconsistent CAP results suggest that nerve recordings may predominantly include muscle activity, and thus denervation or
chemical blocking of muscle activity will be needed in future experiments.
Funding: Research supported by DARPA BTO HR0011-16-C-0014. Technical resources provided by Medtronic.
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Peripheral Nerve Interfaces
Highly Stable and Low Impedance IrOx for Recording and Stimulation with Silicon Microelectrode
Arrays
Loren Rieth1; Brian Baker1; Ryan Caldwell, BS1; Himadri Mandal, PhD2; Rohit Sharma, MS1
1 University of Utah
2 Blackrock Microsystems

Introduction

Clinical use of penetrating microelectrode arrays (MEAs) for sensory or motor prosthetics demands stable long-term recording and/
or stimulation of neural signals. Degradation of the tip metallization has been observed during internal studies, and in the several recent
publications, and is very likely be one of the reasons for loss of neural signal quality and variations and loss of evoked motor and sensory function. We used IrOx on Utah Electrode Arrays to investigated decreasing and tightening the distribution of impedance magnitude,
how the impedance changes between in-vitro and in-vivo, stability during long-term stimulation, and the ability to predict stimulation waveforms from impedance spectroscopy measurements.

Methods

Impedance spectroscopy measurements were collected from 4x4 UEAs in phosphate buffered saline solution, and rat cortex from acute
and chronic implantations. Stimulation stability measurements were in PBS using MCS STG 2008 neural stimulator using currents from
10 to > 2,000 µA for up to 100 million stimulation cycles with a biphasic cathodal first waveform using 200 µs stimulation pulses and a
100 µs interphase region. EIS, scanning electron microscopy, and mass spectrometry were used to assess electrode degradation. Prediction of stimulation waveforms from EIS data started by taking the Fourier transform of the stimulation waveform. This was used to develop a transfer function utilizing the spectral impedance data in Matlab. Predicted stimulation waveforms were compared to actual waveforms to validate the technique.

Results

Electrode impedance (50 to 100 µm tips) were reduced such that median array impedances <10 kΩ and a standard deviation of <4 kΩ in
PBS at 1 kHz are typical. Impedances for implanted arrays in rat models and human subjects were found to drastically increase to typical
median values of 75 to 150 kΩ, and the increase predominately occurred in the resistive component which usually occurs at frequencies
>1 kHz. Electrodes stimulated at less than 2,000 µA typically did not show evidence in degradation as monitored by recording the stimulation voltage waveforms, EIS, and SEM inspection. A close correlation was achieved between simulated and actual stimulation waveforms
both in-vitro and in-vivo, particular when stimulation voltages of less than 2 volts (peak to peak) were used.

Conclusion

Low, tightly distributed, and stable impedances for IrOx were achieved by optimization of deposition and processing parameter for the
metallization. The electrodes had no evidence of electrochemical degradation under aggressive stimulation conditions. Impedance spectra appear to allow prediction of stimulation waveforms, particularly for stimulation voltages <2 volts.
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Materials and Devices
Spatiotemporal Localization of Direction-Distinguishing Movement Planning Electrocorticographic
Features
Jing Wu, BS; Bingni Brunton, PhD; Jared Olson, MD; Rajesh Rao, PhD; Jeffrey Ojemann, MD

Introduction

The development of human neurorehabilitation via inducing synaptic plasticity, as well as the advancement of effective upper-limb neuroprostheses, may both benefit from the ability to locate and decode goal-oriented pre-movement planning behavior from human cortical
signals. Previous work in human electrocorticography (ECoG) has demonstrated the capacity of ECoG signals to detect the existence of
premotor responses in finger movement. We further examined ECoG signals during different motor tasks to establish the timing and position of direction-distinguishing, force-predictive, and grasp-onset-predictive premotor planning information preceding motor activity.

Methods

Subdural cortical surface potential from subjects with intractable epilepsy implanted with ECoG grids for clinical monitoring were sampled
using Tucker-Davis Technologies hardware. Patients were cued to apply isometric forces to an affixed AMTI force transducer in one of six
directions, or grasp one of six cued objects while wearing a motion-tracking Cyberglove. The signals were filtered for noise and analyzed
with a continuous Morlet wavelet transform. Linear discriminant analysis (LDA) and regularized discriminant analysis (RDA) with shrunken
centroids regularization was applied to predict movement classes and onset, while Lasso regression was used to predict force. The regularization parameter δ for thresholding the correlation matrix elements was then used to localize in time and space wavelet coefficient
features that contain direction-discriminating information, while nonzero β regression coefficients were used to localize force-predictive
information.

Results

Direction-sensitive LDA prediction features of hand movement occurred in portions of the spectrums different from those predicting
movement onset. RDA predicted force application direction significantly above chance (27%, chance 17%). Additional pre-movement information was attributable to direction-discriminatory features found in the ipsilateral premotor cortex up to 400ms before the onset of detected force, which transitions to the contralateral sensorimotor cortex at 250ms before the onset of detected force. Furthermore, these
direction-discriminatory timing and features were found to precede force-predictive features, and occur in different locations and in different portions of the spectrum.

Conclusion

Early-onset direction-distinguishing motor planning information, including those localized in the ipsilateral dorsal premotor cortex, may offer an insight into motor processes spanning multiple cortical regions. This may hint as to the possible timing of distributed motor planning processes for neuromodulation therapy, as well as maximize extracted information in motor neuroprostheses.
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Brain Computer/Machine Interface
High-Frequency Neuromodulation with Intrafascicular Nerve Interface for Brachial Plexus Injury
Christopher Duncan; David Kluger, BS; David Page, BS; Gregory Clark, PhD; Alan Light, PhD; Douglas Hutchinson, MD

Introduction

Brachial plexus injuries far outnumber upper limb amputations and result in variable sensory and motor loss, as well as mixed pain pathologies from deafferentation and peripheral nerve injury. Chronic brachial plexus injuries have few meaningful restorative treatments. Implanted neural interfaces may be useful for mitigation of pain, as well as for augmenting or substituting for the pathologic loss of neural
continuity. We herein describe a case study where we applied neuromodulatory high-frequency alternating current (HFAC) stimulation to a
patient with chronic pain and tactile allodynia following brachial plexus injury 14 years prior to the study.

Methods

Evaluation of the patient by way of electrodiagnostic studies, distal motor preservation, and partial sensory preservation in the median nerve distribution suggested the median nerve as a stimulation target. We implanted 2 intrafascicular Utah Slanted Electrode Arrays
(USEAs) in the median nerve of the upper arm. Blinded biphasic stimulation of the median nerve was performed with single- and multiple-electrode montages on one USEA across a range frequencies from 100 Hz to 4 kHz. 18 out of 96 USEA electrodes were chosen as
the most stable montage with high anatomical concordance to the most sensate area of the hand. Using the same electrode montage,
we compared the effect of sham versus 4 kHz alternating-current stimulation on discrimination threshold, pain threshold, and other variables. Results were analyzed with paired t-tests.

Results

Mean pain threshold increased significantly (p=0.02) to 31.7 g[GC1] (SEM = 12.6) with 4 kHz stimulation, compared with 5.1 g with sham
stimulation. Mean discrimination threshold increased significantly as well (p=0.02)[GC2] : 2.9 g with 4 kHz stimulation (SEM=0.1), compared with 2.1 g with sham. In contrast, stimulation at 100-200 Hz frequencies, similar to TENS therapy, resulted in severe exacerbations
of neuropathic pain in the median nerve distribution. Threshold modulation normalized rapidly after stimulation was discontinued.

Conclusion

We have found that HFAC multielectrode stimulation of the median nerve using an intrafascicular USEA increased pain and cutaneous
discrimination thresholds in the median nerve distribution of the hand. Selective reduction of pain, particularly with a lesser reduction of
non-painful cutaneous sensitivity, has clinical utility. To our knowledge, this is the first peripheral HFAC treatment using intrafascicular
electrode arrays in a human patient for pain mitigation. These initial findings encourage further study with spatially selective intrafascicular arrays for more targeted neuromodulation in similar neuropathic pathologies.
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Models and Stimulation Paradigms
Mapping the Functional Circuitry Effect of Ventral Tegmental Area Deep Brain Stimulation
Megan Settell; Shinho Cho, PhD; Paola Testini, MD; Kendall Lee, MD PhD; Hoon-Ki Min, PhD; Joo Pyung Kim, MD

Introduction

The ventral tegmental area (VTA), origin of the mesolimbic system dopaminergic neurons, is implicated in processes such as reward, addiction, reinforcement, and learning, functions compromised in a variety of neuropsychiatric disorders. Electrical stimulation of the VTA or
of its output to the striatum, the medial forebrain bundle, is known to alleviate depressive symptoms in both animal models and patients
affected by severe, treatment-resistant major depressive disorder. However, the mechanisms mediating such efficacy are not fully understood. Here we sought to determine the neuromodulatory effects of VTA-DBS in a large animal model (swine) by combining electrochemical measurements with functional magnetic resonance imaging (fMRI).

Methods

Pigs (n=8) were implanted with a unilateral stimulation electrode in the VTA. During stimulation of the target fMRI was performed. To confirm correct targeting, the subjects were then implanted with a custom-made carbon fiber recording microelectrode in the ipsilateral striatum, and fast scan cyclic voltammetry measurements were recorded during DBS using our wireless instantaneous neurotransmitter concentration sensing system (WINCS). An additional subset of subjects (n=4) underwent an amplitude study comparing the BOLD percent
change evoked by stimulation performed with increasing voltages (1V, 2V, and 3V).

Results

Our results showed significant DBS-evoked increase in BOLD signal in regions including the ipsilateral dorsolateral prefrontal cortex, anterior and posterior cingulate, insula, premotor cortex, and striatum as well as BOLD signal decrease in the contralateral parahippocampal
cortex, dorsolateral and anterior prefrontal cortex, insula, inferior temporal gyrus, and primary somatosensory cortex (Bonferroni P-value <
0.001). We also observed that substantial dopamine responses occurred from the nucleus accumbens when VTA was stimulated. In the
parametric study, the change in BOLD signal was positively correlated with amplitude of the stimulation voltage.

Conclusion

Our findings suggest that VTA-DBS results in neuromodulation of areas belonging to the limbic network and functionally involved in major
depressive disorder pathophysiology or treatment response. Further studies investigating VTA-DBS in patients and correlating its clinical
outcomes with the normalization of preoperatively dysfunctional neural activity will be necessary to assess feasibility and efficacy of this
intervention in treatment-resistant major depressive disorder.
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Deep Brain Stimulation
Decoding Cognitive and Emotional States from Local Field Potentials Using a Bayesian Approach
Ali Yousefi; Angelique Paulk, PhD1; Kara Farnes, BA2; Madeline Robertson, MS2; Sam Zorowitz, BA2; Britni Crocker, MS2; Anish Sarma2; Sydney
Cash, MD PhD1; Darin Dougherty, MD1; Emad Eskandar, MD1; Alik Widge, MD PhD1; Uri Eden PhD3
1 Harvard Medical School
2 Massachusetts General Hospital
3 Boston University

Introduction

A critical challenge in neuroscience is to estimate cognitive state processes using neural activities of the brain networks. The cognitive
process is often dynamic, and it is inaccessible to direct measurement. Furthermore, the cognitive process is shaped by the conjoint activity of different brain circuitries. Because of all these reasons, developing an optimum decoding algorithm to estimate cognitive state becomes a challenging problem. In practice, the cognitive process is estimated by measuring different behavioral signals. We have already
developed algorithms that predict essential features of the cognitive state by observing behavioral signals recorded through the course of
different behavioral tasks; here, we propose a decoding algorithm which estimates the cognitive state using neural features of the brain
networks.
The cognitive state neural decoder will play a significant role in both basic and clinical neuroscience. We are currently using this decoding
approach to develop closed-loop neurostimulation treatments for neuropsychiatric disorders.

Methods

To develop the neural decoder, we first use a generalized linear model to relate neural features of different brain networks to the estimated
cognitive state/s—neural encoding. We also run goodness-of-fit analysis to determine the relationship between individual neural features
and the cognitive state, and assess the predictive power of each neural feature. For the decoding step, we run a recursive Bayesian algorithm to compute the posterior distribution of the cognitive state given neural features of the brain networks. Finally, we compare the decoding accuracy across different combinations of the neural features to pick the optimum decoding model.

Results

We have applied the neural decoder to estimate cognitive flexibility/rigidity of patients performing a multisource interference task (MSIT).
We utilized a state-space behavioral model to estimate the patient’s cognitive flexibility using its reaction time in response to each task trial. For the neural decoding, we utilized neural features of the salient brain nodes which included high-gamma activity of dACC, the alpha
activity of DLPFC, and alpha activity of rACC. Using different models’ performance analysis, we were able to demonstrate that an accurate
decoding of the cognitive state is possible by combining dACC and DLPF neural features.

Conclusion

The initial result—using a cohort of MSIT behavioral and neural data—demonstrates potential of the proposed decoding algorithm to estimate cognitive state using conjoint neural features. Our further research focuses on including brain stimulation parameters in the decoding algorithm, which may identify optimum stimulation paradigms leading to therapeutic effects.
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Left: sensorimotor spectral features maximizing directional-discriminating information
in grasping tasks. Right: sensorimotor localization in time and space of directionaldiscriminating information in isometric force application tasks.
Vertical axes denote spectral frequency or wavelet pseudofrequency. Horizontal axis
in right plot denotes time before movement.
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Deep Brain Stimulation
Deep Brain Stimulation for Neuropathic Pain: Connectivity Analysis within the Sensory Thalamus
Yagna Pathak1; Guillermo Horga, MD PhD1; Gordon Duffley2; Nora Vanegas-Arroyave, MD1; Christopher Butson, PhD2; Sameer Sheth, MD PhD1
1 Columbia University Medical Center
2 University of Utah

Introduction

Neuropathic pain affects nearly 3% of the global population. Neuromodulatory interventions such as deep brain stimulation (DBS) target
the periaqueductal/periventricular gray (PAG/PVG) or ventral posterior medial/lateral (VPM/VPL) thalamic nuclei. However, the mechanism of action involved in pain control remains unclear. In this study, we aim to characterize the network properties that correspond with
effective clinical response resulting from VPM stimulation.

Methods

A 34-year-old male underwent right-sided DBS in the VPM and PVG for refractory left maxillary-division chronic neuropathic facial pain. We
acquired pre-op structural (3T) MRI and diffusion weighted imaging (DWI) (64-directions, B-value=1000s/mm2). We determined contact locations by co-registering the pre-op MRI with a post-op CT. Volume-of-tissue activated (VTA) was defined for each contact at the two targets. Finite element methods were applied to model the VTAs while accounting for stimulation parameters and diffusion-tensor based
conductivities of the surrounding tissue. Deterministic tractography seeded at each VTA was conducted in FSL and DSI studio to contrast
effective versus ineffective stimulation settings.

Results

Low-frequency stimulation (30Hz) was tested at both targets. The patient demonstrated better clinical response with VPM compared
to PVG stimulation. Among the 4 VPM contacts (c0-c3), stimulation at c1 and c2 corresponded with better analgesic response. Preliminary results from tractography indicated increased fiber density and FA at the dorsal VTAs compared to the ventral ones—c0:17 tracts,
FA=0.37±0.12; c1:6 tracts, FA=0.44±0.16; c2:48 tracts, FA=0.43±0.15; c3:90 tracts, FA=0.43±0.16. Most VTAs (c0, c2, c3) projected ventrally
to the right medial lemniscus, right superior and inferior cerebellar peduncles. Projections from c1 and c2 also passed through secondary
sensory cortex (SII:BA 4 and 5).

Discussion

Altered neuronal activity in the thalamic nuclei may be involved in the mechanism of pain. Specifically, neuroimaging and lesion studies
have supported the role of VPM in pain processing. It has been suggested that suppression of neuronal hyperactivity projected from the
trigeminal system to the thalamus contributes to the alleviation of pain. Our results support this notion as fibers passing through most
VTAs included the medial lemniscus, which contains projections from the trigeminal nerve and relays sensory information to the VPM.
Further, projections from c1 and c2 pass through SII, an area that has a discriminative role in pain processing. These results also suggest
that anatomical connectivity is a crucial piece in understanding the network that is involved in pain processing. Further, this network can
be leveraged to identify nuanced targets for future DBS-pain studies.
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Deep Brain Stimulation
Chronic In-Vivo Cortical Interface Health Monitoring Using an Automatic Electrode Test Instrument
(MET16)
Glenn Demichele1; Zhe Hu, PhD1; Philip Troyk, PhD2
1 Sigenics Inc.
2 Illinois Institute of Technology

Introduction

The electrode to neural tissue interface is the most unreliable aspect of any well-designed neural recording or stimulation system. Acute
damage to a microelectrode array during implantation and subsequent chronic exposure of the neurons to the electrodes and of the electrode system to the harsh in-vivo environment may cause damage to the neurons, electrode system or both. There is currently no way to
rapidly assess the health of the electrode-tissue interface. Electrochemical impedance spectroscopy (EIS), Cyclic voltametry (CV), and
electrode pulsing measurements (Pulse) can provide a much more comprehensive view of the electrode health than a single-point impedance measurement, and such data will enable a meaningful instantaneous comparison between two electrodes and also allow the observation of progressive deterioration of a particular electrode and even predict failure. These measurements have been traditionally performed by single-channel potentiostats, but the time and effort required to make many single-channel measurements has made the systematic data collection on in-vivo electrode health impractical. To address this problem, we have developed the MET16, a 16 channel CV/
EIS/pulsing instrument that can simultaneously characterize 16 electrodes in 5-10 minutes. In this study, we measured a 32-microelectrode array (manufactured by Microprobes for Life Science—MLS) implanted in the cortex of a macaque monkey. Electrode characterization data is presented which shows the health of the electrodes immediately after implantation and shows the evolution of the neural interface over a period of 16 weeks.

Methods

In approximately 10 minutes, a MET16 was used to measure EIS, Pulse and CV data for all electrodes in a 32 element microarray in accordance with an approved animal protocol at Northwestern University. Measurements were made soon after implantation and several times
over a 16-week period.

Results

Immediately after implantation, notable variations in apparent surface areas exist between “identical” electrodes. Other electrodes showed
“flat” CV curves, indicating an open wire between the electrode tip and the MET16 instrument. Subsequent measurements of the same array in-vivo show either increase in apparent surface area, increased wiring leakage currents, or new open circuits in the array.

Conclusion

The quality of neural research data will improve, since the reason for an observed change in a neural response might be explained by an
observed change in electrode health. In addition, the failure modes of today’s interfaces can be better understood to guide the design of
more reliable future neural interfaces.
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Brain Computer/Machine Interface
Optimized Programming Algorithm for Cylindrical and Directionally Segmented Deep Brain Stimulation Electrodes
Daria Nesterovich; Braxton Osting, PhD; Alan Dorval, PhD; Christopher Butson, PhD
University of Utah

Introduction

Deep brain stimulation (DBS) programming is a complex process likely to become more complex with the introduction of leads with larger
numbers of contacts. We developed an automated programming algorithm to optimize DBS parameter selection for targeted neural activation in a patient-specific manner. The purpose of this study is to assess algorithm performance by applying it to conventional and directional electrode geometries.

Methods

We used finite element models to solve the bioelectric field problem for a conventional 4-contact DBS lead (Medtronic 3387) and three directional leads: the directSTNacute (Pollo et al., 2014), the segmented lead, (Buhlmann et al., 2011), and the Sapiens electrode (Decré et
al., 2013). As shown in Figure 1A, a 3D rendering of the stimulation target area and fiber tractography were generated from patient MRI
and diffusion tensor imaging (DTI). We used values derived from the Hessian matrix of voltage second derivatives as an estimate of neural activation to maximize stimulation in the STN and limit activation of axon fibers in the internal capsule.

Results

We have demonstrated an ability to program the electrode to stimulate a target area while avoiding neural tracts that may be responsible
for side effects. We tested that the algorithm settings were robust by adjusting the magnitude of optimized electrode settings as shown in
Figure 1B. Optimal parameter settings from the algorithm show STN activation while limiting stimulation outside the target area and the
internal capsule.

Conclusion

We have developed a method of optimization that can be applied to the clinical electrode and additional complex DBS lead designs. Deviation away from the optimized parameters showed more stimulation outside the target area or activation of neighboring fiber tracts. A real-time, patient-specific, automated programming algorithm may increase efficiency and positive outcomes of clinical DBS programming,
as well as enable the use of more complex lead designs, which are likely to be too complex for manual programming.
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Deep Brain Stimulation
In Vitro Electrical Activity Characterization of Dissociated Dorsal Root Ganglia Neurons
F Kemal Bayat1; Betul Polat2; Halil Gulcur Dr1; Albert Guvenis, PhD1; Gurkan Ozturk., MD PhD2; Bora Garipcan, PhD1
1 Bogazici University
2 Medipol University

Introduction

Dorsal root ganglia (DRGs) neurons convey sensory information from periphery to the central nervous system, with a pseudo-unipolar
structure. The main axon bifurcates to sensory receptors with a long branch and to the spinal cord with a short one. DRGs can be dissociated and cultured in a controlled environment, where they form and develop networks in vitro. As far as to our knowledge, there is not
much literature on electrical activity and formation patterns of these networks. Thus, we investigate functional and structural properties of
these networks.

Methods

To this end, we dissociate DRG tissue and selectively isolate neurons via a gradient based centrifuge technique among a mixed cell population. Then we seed isolated neurons on a laminin coated surface of multi electrode arrays (MEAs). We refresh culture medium within 3 or 4 days in order to maintain physiological conditions for 4 to 6 weeks. Our experiments incorporate electrical activity acquisition
via MEAs and calcium imaging microscopy. We conduct our electrical recording sessions by coupling our 64-channel planar MEAs to a
1000x-gain preamp, and digitize analogous voltage waveforms with a 20 kHz frequency. We monitor multi-channel Local Field Potentials
(LFPs) and spiking activity using custom software. For calcium imaging, we use a high affinity Ca2+ indicator Fluo-4 which is highly effective and has low background absorbance, as well as its fluorescence increases a 100 fold when binds to Ca2+. We incubate cells with
Fluo-4 and perform imaging in basal neural medium under physiological conditions with a 488nm argon laser source attached spinning
disk microscope.

Results

We analyze spontaneous electrical activity periodically to monitor network formation and development. Moreover, to observe evoked responses of DRG neurons which are sensitive to thermal stimulations, we also involve a Peltier-based thermal stimulator. Finally, we apply
an injury model, via a precise femtosecond laser axotomy, using an upright multi photon microscope.

Conclusion

To conclude, we have optimized a platform to visualise and analyse neural activity to a greater extent than the available methods by utilizing both temporal and spatial resolution capabilities of MEAs and calcium imaging techniques respectively.
Funding: This work is supported by Bogazici University Research Fund under the Project Code 8080D.
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Peripheral Nerve Interfaces
Characterization of Spontaneous Activity in Adult DRG Neurons Cultured on Microelectrode Array
Bryan Black; Joseph Pancrazio, PhD
University of Texas at Dallas

Introduction

Planar microelectrode arrays (MEAs) enable long-term, noninvasive, high-throughput studies of neural activity in vitro. This technology has
classically been used for functional neurotoxicity assays or preliminary drug screening for central nervous system disorders. More recently, it has been suggested that MEAs provide an opportunity to study modalities of nociceptor stimulus within dissociated cultures of dorsal root ganglion (DRG) neurons. The validity and ultimate usefulness of this model will depend on several factors. Two important and
connected factors will be 1) the level of basal phenotypic activity and 2) the relative excitability of DRG neurons cultured on MEAs. In vivo,
sensory neurons mature to a state of inactivity. To date, relevant studies of spontaneous activity have used DRG neurons cultured from
embryonic or P0-4 animals, which require the addition of nerve growth factor (NGF) in order to maintain long-term viability in culture. NGF
is a neurotrophin known to cause hyper-excitability in sensory neurons. Therefore, subsequent studies of evoked activity may be skewed
by NGF-induced sensitization. In contrast to embryonic cultures, adult dorsal root ganglion neurons do not require the addition of NGF or
other known nociceptor-sensitizing agents. Here, we report the culture of dissociated adult mouse DRG neurons on MEAs for the characterization of spontaneous activity development.

Methods

Adult DRG neural activity was recorded on Ti or ITO 60-channel planar microelectrode arrays (multi-Channel Systems) using hardware and
software solutions from Plexon, Inc. Channels were sampled simultaneously at 40 kHz/channel. 4-pole Butterworth high- and low-pass filters (250 Hz and 7500 Hz) were applied to continuous data. Individual spikes were defined by a 5σ threshold, based on root mean square
values for each independent channel. Spontaneously active channels were defined by the presence of units with average waveform amplitude of 40 μV or higher, and a mean spike rate greater than 5 spikes/minute.

Results

By DIV 5, no channels (n = 240) exhibited spontaneous activity. This lack of activity persisted through DIV 14. Flow through of 100 nM capsaicin (DIV 14) evoked a significant increase in spiking rate (55.8 ± 40.7 spikes/min, n = 60) as well as percentage of active channels (0 to
8.3%). All cultures were confirmed viable through at least DIV 16.

Conclusion

These findings suggest that adult mouse DRG neurons cultured on MEAs mature to inactivity and respond to classical nociceptor stimulus (capsaicin), further validating this platform as appropriate for studies of nociceptor stimuli, sensitization, and inhibition.
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Models and Stimulation Paradigms
Development of a Wireless Neuromodulation System for the Bladder
Thomas Richner1; Brody Mahoney, BS1; Vaishnavi N. Ranganathan, PhD1; Gregory Moore1; Spencer Boyer, BS Bioengineering1; Ryan Solinsky,
MD1; Greg Horwitz1; Polina Anikeeva, PhD2; Joshua Smith, PhD1; Chet Moritz PhD1
1 University of Washington
2 MIT

Introduction

The autonomic motor system modulates the function of all visceral organs and is essential for the maintenance of homeostasis. Disease and injury can degrade central control, leading to reduced or aberrant activity. The most common treatment, pharmaceuticals, have
off-target effects and lack the quick response required to restore closed-loop control. Bioelectronics medicines are an emerging solution.
The goal is to create an implanted wireless platform that can record, excite and block peripheral neural activity in a rodent model. In this
abstract we present our ongoing development of an implantable system to optically and electrically modulate bladder function in the rat
animal model. Neuromodulation of the bladder has been researched for decades. Microfabricated nerve interfaces, peripheral optogenetics, and wireless devices enable new approaches.

Methods

We are developing an implantable wireless device that can record electroneurography signals, apply current pulses, drive LEDs and stream
data. It includes adaptively tuned inductive power, UHF communication, a recording front-end by Intan, a biphasic current stimulator, and a
100 mW LED driver.
Concurrently, we are researching neural targets (preganglionic, ganglionic, and postganglionic) and stimulation methods (electrical, optogenetic) to specifically modulate the bladder. While recording bladder pressure, we tested electrical stimulation of the L6-S1 nerve trunk,
the preganglionic pelvic nerve (PPN), and the major pelvic ganglion (MPG). We injected the bladder wall and the MPG with optogenetic viral constructs.

Results

We acutely implanted the wireless device into the peritoneum to test power, communications, and thermal effects. Powering the device at
300 mW for 60 seconds was sufficient to power the device and drive the LEDs (the most power consuming components) for several minutes while increasing tissue temperature by less than 0.5C.
Electrical stimulation of the L6-S1, PPN and MPG caused bladder contractions of up to 81 cmH2O. While the L6-S1 and PNN are easier to
interface, off-target muscle and bowel effects were more common. We optically evoked small bladder pressure increases four weeks following injection of the detrusor with AAV6-hSyn-ChR2. Naïve rats were used for control. Toward generating larger contractions, we are
currently injecting the MPG to directly target the cell bodies that innervate the bladder.

Conclusion

We continue to develop an implantable wireless device and investigate optogenetic approaches to modulate the activity of the bladder. By
including both electrical and optogenetic stimulation capabilities we intend for our system to be readily adapted to other organ systems
Funded by GSK & NSF EEC-1028725.
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Wireless Systems
Modification of a Neural Electrode Implantation Instrument for Surgical Use
Samuel Bredeson; Omar Tawakol, Student; Philip Troyk, PhD
Illinois Institute of Technology

Introduction

An instrument has been designed and fabricated for the purpose of inserting floating microwire electrode array devices into neural tissue.
As reported previously, this instrument was designed specifically for the WFMA devices being developed at the Illinois Institute of Technology for visual prosthesis.
The primary goal of this insertion instrument is to implant electrode array devices with sufficient velocity as to overcome the bed-of-nails
effect of multiple electrodes contacting the pia simultaneously and with sufficient control of movement as to minimize damage to the underlying tissue.

Methods

Here, the implantation instrument has been prepared for its first surgical use by making a series of modifications and refinements. The instrument’s performance was also characterized using a test chamber designed to allow for continuous measurement of the drive haft position, and therefore velocity, during use.
Notable modifications to the instrument included: inverting the motor placement to increase maximum stroke distance; removal of a sensor housing due to a change in sensor usage; addition of a mounting post to fix the instrument in a three-axis surgical manipulator; minimizing the wall thickness of all components near the brain to improve visibility and allow for closer spacing between adjacent implanted
devices.

Results

The modified instrument was used to implant two WFMA devices into each of two macaque animals for a survival study and nine WFMA
devices into a human cadaver head for demonstration of the surgical procedure in humans. The macaque implantations were successful and showed little to no visible bleeding, indicating that proper velocity was used and the devices were not implanted with excess force.
The cadaver implantation was performed without incident, with all nine devices implanted in approximately 15 minutes.

Conclusion

These results indicate that the insertion instrument is well-suited to perform WFMA implantations in proposed upcoming human trials for
the visual prosthesis system. Prior to implantations in living humans, a final version of the instrument will be fabricated and will likely feature a larger motor for longer maximum stroke distance and an improved surgical fixture apparatus.
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Figure 1. A. The neural target for our study is the subthalamic nucleus
(STN), in green, a common surgical target for DBS for Parkinson’s
disease. Stimulation of the internal capsule (IC), a white matter tract
adjacent to the STN, is associated with unwanted sensorimotor side
effects, and will be used as an area of avoidance in our algorithm (Xu et
al., 2011). B. We compare activated volume of the STN, surrounding
tissue, and percent activation of internal capsule tracts to verify optimized
settings for the conventional electrode. Optimal settings using a neural
activation threshold of 8 mV were calculated to be 0.3 V and 0.8 V for
contacts 0 and 1, respectively. As applied voltage increased, more
surrounding tissue and IC fibers were activated, while lower settings did
not activate as much of the STN volume.
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Materials and Devices
Five-Week Case Study on Home Use of a Sensory Restoration System for Upper Limb Amputees
Emily Graczyk; Matthew Schiefer, PhD; Linda Resnik PT, PhD2; Dustin Tyler, PhD1
1 Case Western Reserve University
2 Providence VA Medical Center

Introduction

While neural prostheses to restore sensory feedback to upper limb amputees have demonstrated prosthetic control benefits, sensory restoration systems (SRS) have only been used in controlled laboratory environments. In this study, for the first time, a subject used an SRS
in their community and home for multiple days. Here, we report the effect of extended home use of an SRS on functional task performance and subjective user experiences.

Methods

One unilateral trans-radial amputee was implanted with 8-channel flat interface nerve electrodes (FINEs) on his median and ulnar nerves
41 months prior to the present study. The SRS consisted of an Ottobock VariPlus Speed prosthetic hand with embedded fingertip pressure sensors, an external nerve stimulator with a custom sensory stimulation program, and cabling to connect the stimulator to the subject’s percutaneous leads. The stimulator mapped pressure signals from the finger sensors into stimulation pulse trains and delivered the
stimulation trains to four electrode contacts on the median nerve.
The 5-week ABA crossover study was two 14-day stages without sensory stimulation (A) surrounding one 7-day stage with sensory stimulation (B). Each day the subject completed surveys on activities of daily living (ADLs) and sensory stimulation percepts. At the start of
the study and at the end of each stage, an 8-hour laboratory session was conducted in which the subject completed a battery of surveys
to assess the subjective experience of restored sensory feedback and a series of functional measures to evaluate prosthetic task performance with and without sensation enabled. Data were compared across stages to determine the effect of sensory feedback.

Results

With sensory feedback, the subject rated ADLs as significantly easier (One-way ANOVA, p=0.001) and their self-efficacy as significantly
improved (One-way ANOVA, p=0.01). Sensory feedback improved performance on a modified Box and Blocks task and foam block identification. Active sensation decreased the perception of disability and increased perceived social touch capability and embodiment. Percepts
resulting from sensory stimulation were stable in location and appropriate in perceived magnitude throughout the duration of the study.

Conclusion

Multiweek sensory feedback improves both subjective user experience and objective functional task outcomes in a case study. The successful conclusion of this study demonstrates that autonomous home use of an SRS is feasible and improves the user experience and engagement with the prosthesis. Results will help determine which metrics are most important to assess when investigating the impact of
an SRS for upper limb amputees.
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Neural Prosthesis
Shape Memory Polymer Cuff Electrodes for Peripheral Nerve Interfacing
Yogi Patel; Romil Modi, Master; Walter Voit, PhD; Robert Butera, PhD

Introduction

Neuromodulation aims to treat various disorders and diseases related to autonomic function by stimulating, blocking, and recording activity from peripheral nerves. The efficacy and success of neuromodulation heavily depends on the quality of the interface (electrode) used.
Unfortunately, interfaces commonly used to date are not matched to the mechanical characteristics of neural tissue, leading to both biotic
and abiotic breakdown of bioelectronics.

Methods

To address this point of failure, we utilized low cure stress softening polymer substrates, along with micron-level microfabrication processes to engineer “soft bioelectronics”1,2,3. These soft bioelectronics can be implanted at moduli of more than 2 GPa and are capable of
softening two orders of magnitude toward the modulus of tissue when implanted into the body cavity.

Results

Our devices are made of shape memory polymers (SMPs), which are smart polymers that can be preprogrammed to change various mechanical characteristics in response to specific stimuli, such as temperature and humidity. We have designed our SMPs to respond to
physiological temperatures to enable softening of the substrate, reducing the modulus mismatch between peripheral nerves and the device. Devices are constructed with gold, titanium nitride, and nickel and characterized both electrochemically and electrophysiologically in
acute preparations of the rat cervical vagus nerve.

Conclusion

In this study, we characterized the electrodes ability to stimulate, record, and block neural activity in the rat cervical vagus nerve. Ongoing
work is focused on chronic evaluation and characterization of the biotic and abiotic responses.
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Electrodes
Physical Configuration of a Peripheral Nerve Interface for Chronic Use
Samuel Bredeson; Philip Troyk, PhD
Illinois Institute of Technology

Introduction

Designing a peripheral nerve interface device requires balancing the physical needs of the implanted device components and the needs of
the biological tissue the device will interface with. In previous experiments, it has been observed that wire tethers between the nerve implant site and a connector mounted on the skin can cause wire breakage and device failure in a short time. To combat this effect, wireless
devices have been devised that eliminate the wire tether and replace it with a mutual-induction powering and data transmission system.
The additional implanted components required for this type of interface make the on-nerve device larger and bulkier than a wired device,
which may be another mode of failure for peripheral nerve interface devices, particularly during long-term implantations.

Methods

Based on observational and histological data collected from peripheral nerve interface devices implanted into rat models over the last 2
years, an assay will be performed that will compare and quantify the effects of on-nerve device size, tether length, and end-of-tether device
size on the health of the electrode-nerve interface. In particular, neuron death at the implantation site, mechanical displacement of the implanted components, and formation of scar tissue around the implanted electrodes will be monitored for each device configuration.

Results

These data, collected via histology following a 3-month implantation period, will be used to assign a failure score to each device component configuration. These scores will then be used to propose an optimized device configuration that will be expected to maximize the effectiveness of the implanted device while minimizing damage to the surrounding tissues.

Conclusion

While it is generally accepted that devices that induce more strain on a nerve will be more likely to cause nerve death, detachment of the
implanted device, or damage to the device itself, no comprehensive study has been done that documents the effects of each implanted
device component on the electrode-nerve interface. These experiments will be significant because they will establish a baseline for decisions on the physical configuration of peripheral nerve devices designed in the future.
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Peripheral Nerve Interfaces
Multimodal Recording and Stimulating System for Bioelectronic Medicine
Chunyan Li, Kanokwan Limnuson, Raj Narayan
1 The Feinstein Institute for Medical Research

Introduction

Bioelectronic medicine is a medical treatment paradigm which uses electrical nerve stimulation for delivering therapies instead of pharmaceuticals. In order to fully understand the stimulation effect as a therapy, it is better to monitor multiple parameters in the targeted organ simultaneously with the nerve stimulation. We have been developed a tethered multimodal brain recording system which uniquely
performs real-time multiple parameters recording, e.g., neural activity, temperature, oxygen tension, glucose level, cerebral blood flow, in
awake animals. We also have shown that activation of the diving response by stimulation of the trigeminal nerve has a neuroprotective effect in traumatic brain injury. Combining stimulation capability to the brain monitoring system will facilitate the bioelectronics medicine research for brain injuries.

Methods

Adding stimulation function to the multimodal recording system may raise the stimulus artifact issue that needs to be investigated. The
multimodal brain recording and stimulation settings include multiple sensing microelectrodes, stimulation electrodes, an animal headstage for signal amplification and sensor interface, interfacing cables, a commutator, a stimulus isolator, sensing units, a digitization and
display unit. We observe both in vitro and in vivo on the effect of the biphasic voltage stimulation to the temperature, cerebral blood flow,
brain oxygen tension and ECoG (electrocorticography) recording channels in the tethered system. The stimulation parameters are 40 Hz, 1
s on and 1 s off, 5 V voltage biphasic stimulation with 0.5 ms pulse width unless otherwise noted.

Results

Brain temperature, cerebral blood flow, brain oxygen tension and ECoG signals from the single neural probe were simultaneously measured during the trigeminal nerve stimulation. Except ECoG, all other microsensors can maintain the same fluctuation levels during stimulation. The stimulus artifact in the ECoG channel was 2.6 mVp-p which is at least 13-fold higher than its actual signal.

Conclusion

The developed multimodal brain recording and stimulating system was successfully tested both in vitro and in vivo. The experimental results indicate that the system can reliably record multiple brain signals during trigeminal nerve stimulation except ECoG signals. The ECoG
signals exhibited mV-level of the stimulus artifacts which should be removed by offline filtering.
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Bioelectronic Medicine
Electrical Stimulation of the Cervical Dorsal Root Ganglia (DRG) for Sensory Restoration in
Upper-Limb Amputee
Santosh Chandrasekaran1; Ameya Nanivadekar; Eric Helm, MD; Michael Boninger, MD; Jennifer Collinger, PhD; Rob Gaunt, PhD; Lee Fisher,
PhD
1 University of Pittsburgh

Introduction

Sensory feedback greatly enhances the embodiment, acceptance, and also the ease of use of a prosthetic device. Electrical stimulation
of the peripheral and central nervous system is the focus of extensive research as a means to provide this sensory feedback. In our study,
we attempted to target the dorsal root ganglion (DRG) as the site of electrical stimulation. The DRG is a uniquely advantageous site for
introducing sensory feedback as it is the most peripheral site that provides clear separation between the sensory and motor pathways.
There are also multiple minimally invasive techniques for surgical access to the DRG. Further, it has been shown that DRG stimulation
could help alleviate phantom limb pain. In animal studies, we have previously shown that sensory afferents from nerves throughout the
hind limb can be recruited selectively by stimulating at the DRG. Here, we present observations from human psychophysics experiments
performed while stimulating the C5-C8 DRG in two upper-limb amputees using FDA-approved spinal cord stimulation (SCS) leads.

Methods

All procedures were approved by the University of Pittsburgh Institutional Review Board and the US Army Human Research Protection Office. Study participants were implanted with three 8-contact SCS leads (Boston Scientific) in the lateral epidural space near the cervical
spinal cord. Multipolar current-steering was used to improve the focality of sensory percepts. Feedback about the modality, location, and
intensity of perceived sensations was provided by the subject through a structured reporting setup.

Results

Preliminary testing showed that sensory percepts, in the form paresthesia, can be evoked via selective stimulation through different SCS
lead contacts. The sensations reported by the subjects include focal percepts localized to the amputated shoulder, arm, hand, wrist, palm,
and fingers. In one subject, these sensations were stable for more than one week of testing. Continuous modulation of stimulus amplitude was perceived as intensity changes and did not affect the overall location of the percepts.

Conclusion

DRG stimulation using current-steering approaches can generate focal sensory percepts in specific regions of the missing limb in longterm amputees.
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Neural Prosthesis
Nonlinear Atlas Creation for Retrospective DBS Cohort Analysis
Gordon Duffley1; Kelly Foote, MD2; Michael Okun, MD2; Christopher Butson, PhD1
1 University of Utah
2 University of Florida

Introduction

The locations of stimulating electrodes during all forms of neuromodulation therapy have been correlated with clinical benefit. However,
when performing retrospective cohort analysis, many studies use simple registration techniques, often an automated affine registration to
MNI or Talairach coordinate space. The field of image registration has developed techniques for creating synthetic atlases from a cohort
of patients, which have been shown to create coordinate spaces where spatial comparisons are more accurate. In this study, we analyze
how spatial location of deep brain stimulation leads changed when comparing traditional registration methods to a nonlinear registration
to a synthetic atlas.

Methods

In order to compare methods of mapping data into a common coordinate space, we used imaging from 22 unilateral DBS patients (14
STN targeted, 8 GPi targeted) from the University of Florida Center for Movement Disorders. All had Medtronic 3387 leads implanted. We
identified lead locations in native patient space from postoperative CT and represented the patient’s lead as a set of 5 points (tip of the
electrode and center of each contact). We mapped points representing the DBS leads to MNI305 space by applying the transform generated by FreeSurfer after running each preoperative MRI through the pipeline. We created our synthetic atlas from T1 imaging using ANTs
antsMultivariateTemplateConstruction algorithm. To compare the coordinate systems, we used the python packages scikit-learn, numpy,
and scipy.

Results

The ranges of the points representing our electrodes for STN patients in MNI305 were enclosed in an ellipsoid of with principle axes of
9.53mm, 12.93mm, and 15.31 mm, and 6.92mm, 13.27mm and 16.91mm for GPi patients. The equivalent ellipsoids in the non-linear atlas had principle axes of 8.72mm, 7.05mm, and 15.97mm for STN targeted leads, and 6.19mm, 5.29mm and 13.56mm for STN targeted patients. To further highlight that the different coordinate spaces resulted in drastically different relative lead locations, when running
a k-means clustering on the points that represented our electrodes, in our nonlinear atlas space, the two clusters split the points between
GPi and STN targeted leads, where MNI305 space did not (Figure 1).

Conclusion

Relative lead locations are drastically different in our synthetic atlas space compared to FreeSurfer’s registration to MNI305 space. Given
the mathematical basis of nonlinear atlas approaches and the clean clustering in our synthetic atlas space, it supports the idea that nonlinear atlas approaches should be used for future cohort analysis.
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Deep Brain Stimulation
Influence of Diffusion-Tensor Based Axon Orientation on the Prediction of Deep Brain Stimulation
Effects
Johannes Vorwerk1; Christopher Butson, PhD
1 SCI Institute, University of Utah

Introduction

Although the underlying mechanisms and the effects of deep brain stimulation (DBS) on the nervous system are not yet fully understood,
computational models to predict its effects have been accepted as an accurate simulation and visualization method, and are increasingly used to postoperatively optimize stimulation protocols to target or avoid specific brain regions. A frequently used concept in this context is the volume of tissue activated (VTA). It is defined as the brain volume inside which the computational model predicts an activation
(ie, initiation of an action potential) as a result of the stimulation. However, this representation can give an impression of certainty that is
not necessarily justified. While the computational model itself is deterministic, its output is influenced by uncertainties inherent to the input data. One parameter that might lead to deviations between predicted and actual neural stimulation is the orientation of neuron axons.
In this study the influence of uncertainty of axon directions is investigated.

Methods and Results

A realistic electric field distribution is calculated using a finite element model (FEM). Diffusion tensor imaging (DTI) data are used to determine the axon directions from deterministic tractography. For each datapoint, these are chosen as the eigenvector of the DTI tensor with
the maximal eigenvalue. A reference threshold value for neuron activation is obtained by calculating the second spatial derivative in the direction of the assumed axon orientation. Next, the orientation of the axon is randomly perturbed to simulate the uncertainty in measuring
the axon direction. Using the thereby generated directions, the second spatial derivative is again calculated and compared to the initial value. These data are evaluated for a range of stimulation settings. The results are both statistically and visually evaluated.

Conclusion

Our study presents a means to estimate the variability in predicting the effects of DBS due to uncertainties in the axon orientation as estimated from DTI data. Besides the presented direct evaluation of these effects, this approach is also applicable to estimate the stability of
algorithms relying on the simulation results, e.g., for stimulation optimization, against such perturbations of the input data.
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Deep Brain Stimulation
The Role of Sensory Adaptation in Artificial Tactile Intensity
Emily Graczyk1; Matthew Schiefer, PhD1; Sliman Bensmaia, PhD2; Hannes Saal, PhD2; Benoit Delhaye, PhD2; Dustin Tyler, PhD1
1 Case Western Reserve University
2 University of Chicago

Introduction

Neural prostheses to restore sensation to upper limb amputees aim to provide touch that is natural, spatially informative, and appropriate
in magnitude. We have conducted experiments to understand the neural basis of tactile intensity and how to convey sensory magnitude
with nerve stimulation. However, extended exposure to stimulation leads to adaptation, characterized by an increase in perceptual thresholds and a decrease in perceived intensity. Here, we report on the behavior of perceptual adaption during nerve stimulation.

Methods

Two unilateral transradial amputees were implanted with 8-channel flat interface nerve electrodes (FINEs) on their median, radial, and ulnar nerves 36 and 44 months prior to the present study. Trains of biphasic stimulation pulses were delivered to individual contacts within
the cuffs.
Two experiments were conducted. The first investigated the effect of adaptation on perceived magnitude. The subject rated the perceived
magnitude of the percept resulting from nerve stimulation on a visual analog scale every 10 seconds for 3 minutes. Two stimulation pulse
widths (PW) and two pulse frequencies were tested. Each stimulus condition was repeated 3 times on 3 contacts. We fit exponential decay functions to each trial.
The second experiment investigated the effect of adaptation on sensory threshold. For each trial, we used a two-alternative forced-choice
tracking paradigm to estimate the perceptual threshold. We then delivered an adapting stimulus for 120 seconds. A second threshold was
then estimated using the same procedure. The three adapting stimulus levels were 5, 25, and 50 microseconds above the first PW threshold, and we ran 3 repetitions of each level on 2 contacts. A linear regression of change in threshold vs. strength of the adapting stimulus
was performed. To model how quickly elevated thresholds decay back to baseline, we fit an exponential function to the threshold data.

Results

For intensity adaptation, the sensation magnitude decayed to half of the initial intensity in 23 +/- 4 seconds (SEM, n=21). For threshold adaptation, the regression analysis demonstrated that the more intense the adapting stimulus, the more the thresholds adapt. The average
half-time of the decay of thresholds back to baseline was 22 minutes. Including threshold adaptation in the analysis scheme of previous
experimental data refined our model of the neural basis of intensity.

Conclusion

Both sensory threshold and perceived magnitude are impacted by prolonged nerve stimulation. In addition to improving basic understanding, these results will guide stimulation protocol development for sensory neuroprostheses.
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Models and Stimulation Paradigms
Reinforcement Learning for Phasic Disruption of Pathological Oscillations in a Model of Parkinson’s
Disease
Logan Grado; Matt Johnson; Tay NetIoff, PhD
University of Minnesota

Introduction

Deep brain stimulation (DBS) is an effective therapy for symptoms of medication-refractory Parkinson’s disease (PD). However, achieving
an optimal therapeutic benefit for a given patient is challenging because many parameters must be evaluated, including which contacts to
stimulate through, voltage or current amplitude, pulse width, stimulation frequency, and more. Current programming approaches rely on a
trial-and-error approach, which is time consuming and often inefficient; resulting in compromises between increasing therapeutic benefit,
lowering power consumption, and reducing side effects. In particular, all current DBS leads are programmed using a constant stimulation
frequency, usually around 130 Hz. In this study, we have created an automated system capable of learning online, through trial and error,
which phases (i.e., times) are best to stimulate to reduce pathological oscillations in silico.

Methods

We developed our algorithm in the context of a biophysically realistic mean-field model of the basal ganglia-thalamocortical system [1], in
which structure and parameters are closely based on experimental results, physiology, and anatomy. The model is capable of emulating
both Parkinsonian and healthy states. We created a Sarsa(l) Reinforcement Learning Agent to adaptively learn the best sequence of stimulations to reduce pathological oscillations. An artificial neural network with Gaussian activation units was used to learn the value function
from past experience and predict the reward of all available actions in any given state.

Results

After training on the model, the agent was able to learn that specific phases of the oscillation were better to stimulate in, and to learn the
value function over the state space. Additionally, the agent was able to learn sequences of actions to knock the model out of high-amplitude beta oscillations.

Conclusion

We created an adaptive closed-loop algorithm capable of learning on-line how to optimally stimulate to reduce beta power in a computational model of the parkinsonian basal ganglia. This algorithm has the potential to learn optimal stimulation patterns to reduce symptoms
of other brain disorders in which pathological oscillatory features emerge.
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Deep Brain Stimulation
Deep Brain Targeting Strategy for Bare Parylene Neural Probe Array
Ellis Meng1; Ahuva Weltman, MS1; Huijing Xu, Master; Dong Song; Kee Scholten, PhD; Theodore Berger, PhD
1 University of Southern California

Introduction

We present a Parylene multisite microprobe array and the first demonstration of deep brain (> 5 mm) implantation of bare polymer probes
that leverages principles in beam mechanics. The conventional approach to targeting deep brain structures when using soft polymer
probes is to overcoat with biodegradable polymer or carry the probe in using a much stiffer insertion aid; both of which greatly increase
probe cross sectional area and thereby tissue damage. We achieve deep brain implantation of bare probes by embedding the probe base
in a biodegradable brace. This effectively shortens the shank length of the exposed probe and allows sequential implantation of stiffer
probe segments with a dissolution step in between each insertion step. This surgical approach solves a key technical obstacle preventing
the widespread adoption of polymer microprobes.

Methods

Parylene microprobe arrays, consisting of a Parylene-metal-Parylene sandwich, included eight probes with 250 µm center-to-center spacing (5.5 mm long, 20 µm thick, and 110-150 µm wide shanks), each with eight platinum electrodes (30 µm exposed diameter) positioned
for simultaneous recording from two of the following hippocampal regions: CA1, DG, or CA3. Prior to insertion, the array is partially encapsulated in a biodegradable polyethylene glycol (PEG) brace to halve the effective length and increase probe resistance to buckling. The exposed, bare probe shanks (2.75 mm long) are directly inserted into the brain, the PEG brace is dissolved with saline, and the remainder of
the probe is advanced to an ultimate depth of 5.5 mm.

Results

Successful insertion of braced probes into 0.5% agarose brain phantoms was achieved. Load testing on a single braced-shank indicated a
buckling threshold of 2.14±0.25 mN compared to 0.65±0.18 mN extrapolated for a bare shank; the braced probes are sufficiently robust to
achieve the 1 mN required to penetrate brain tissue. Electrical impedance spectroscopy measurements confirm low electrode impedance
requisite for neural recordings (<200 kΩ at 1 kHz). Braced arrays were implanted into rat hippocampi and successful placement in deep
hippocampal layers was confirmed by light-field microscopy of 50 µm thick, Nissl stained hippocampal slices.

Conclusion

This confirms the feasibility of temporarily shortening neural probes to achieve successful penetration of probes with longer shanks.
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Brain Computer/Machine Interface
A Multivariate Approach for Seizure Localization Using High-frequency Coupling
Bahareh Elahian1, Mohammed Yeasin1, Basanagoud Mudigoudar2,3, James W. Wheless2,3, Abbas Babajani-Feremi2,3
1 University

of Memphis

2 University
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3 Neuroscience

Institute, Le Bonheur Children’s Hospital

Introduction

The main goal of this study was to accurately localize the seizure onset zone (SOZ) in electrocorticographic (ECoG) recordings. We hypothesize that electrodes within the SOZ have a high value of phase locking between the phases of slow and fast rhythms in a short time
window before seizure onset. We used phase locking value (PLV) to capture this synchrony.

Method

We retrospectively analyzed 20 seizure episodes in 9 patients (7 males; aged 26 ± 6.7 (mean ± SD) years), who underwent a Phase II epilepsy surgery evaluation with intracranial electrodes. Resections were tailored individually based on visual inspection of the ECoG ictal
onset in all patients. Patients 1 to 5 were seizure-free after surgery, but not Patients 6 to 9 (although these patients were significantly improved). After preprocessing of ECoG data, PLV between the phase of lower frequency (4-30 HZ) and phase of the Hilbert transform of
higher frequency (80-150 HZ) was calculated. Then 5 features were calculated based on the value of PLV within a 10-second time window
before seizure onset in each electrode.
PLV positive: This feature was assigned to “1” if the PLV would exceed a threshold of “𝜇𝑏+6 ×𝜎𝑏”, where 𝜇𝑏  and 𝜎𝑏  are the mean and standard deviation of PLV in a 60-second baseline, respectively.
Duration of PLV positive: Duration of PLV signal exceeding a threshold at 𝜇𝑏+6 ×𝜎𝑏 
Peak: The maximum value of PLV
Average: Mean of PLV
Energy: The energy of PLV signal from seizure onset till the end of seizure
Finally, a classifier based on the logistic regression was trained using ten seizure episodes of the seizure-free patients, and tested on ten
seizure episodes in non-seizure-free patients.

Results

All electrodes identified as SOZ by our algorithm were within the resected area in seizure-free patients (Table 1). Our algorithm identified
several SOZ electrodes outside of the resected area in all non-seizure-free patients. All visually identified electrodes in both groups of patients were identified as SOZ by our algorithm.

Conclusion

We developed a method to identify the SOZ using five features extracted based on the PLV between the phases of the low and high frequencies in ECoG recordings. Our results show that these features can identify the SOZ. Identification of the SOZ based on these features
may enhance the standard clinical procedure based on the visual inspection, and thus they should be included in decisions on surgical
treatment.
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Table 1

Patients

Resected electrodes

Automatically detected electrodes

Visually detected electrodes

PST 1, 2, 3

PST 1-2

TG 1:6, 9:12, 17:20, 25:27

1

TP (all)
AST (all)
PST (all)

#Electrodes

31
2

LF 33:35, 42:44, 49:52, 57:60

3
LF 34, 35, 41, 42, 43, 49, 50, 51, 52, 57, 58, 60

2
LF 42,43,50,51,57,59

LPIH 3,4

#Electrodes

16

12

LT 2:5, 10:12, 18,19,

3 TP (all),

LFT 2:4, 11:13, TP 2,3,4,5,6

LFT 2:4, 10:13, 18:20,

AST (all)

AST 1:3

#Electrodes

19

13

LT 1:7,9:14, 17:21,

4

6
TP 1:3,

16
LT 1:3, 7, 9:10, 17, 18,

TP (all),

TP 1:4, AST 1:3, PST 1:4

LT 1:3, 9,10, 17,18, PST 2, 3

AST (all),
PST(all)

#Electrodes

32
LT 1:3, 9,10, 17, 18, 25,26

9

5 ATP 1:4

ATP 1:4

AST 1:4

AST 1:4

#Electrodes

17

Patients
6

AST 1,2

14

2

Resected electrodes

Automatically detected but not
resected electrodes

Resected and automatically
detected electrodes

LFT 4:6,11:14, 19:23

LFT 3,7,8, 15, 16, 21,23,

LFT 4:6,11:14, 19:23

AST (all)

27:29:00

#electrodes

16

AST 1,2

18

LT 1:4, 9:12, 17:19,25:28

AST 1:4

LT 13,14,21,22,29:31

#electrodes

14
LT 1:4, 9:12, 17,26,27,28,

7 AST (all)
19

8

RTG 1:3, 9:12, 17:20, 25:29

8

19

LT 1 , 2 ,9 ,19 ,17,25

16
RTG 20, 28

RAST 1:4

RAST 1:4

RTG 13,21,22

RPST 1,2

RPST 1, 2

RTP 1:4

#electrodes

26
9

#electrodes

3

8
ROG 28,29,30,

ROG 20, 21,28,29,30 IIH 3,4 SIH
3,4

ROG 2,9:12 ,19, 27

SIH 2,3,4
IIH 1,2

9

6

8

Table 1. List of resected electrodes, identified as SOZ by our algorithm (“Automatically detected electrodes”), and visually detected by two
board certified epileptologists (JW and BM, co-authors of this abstract) as SOZ electrodes in seizure-free (Patients 1-5) and non-seizurefree (Patients 6-9) patients. LFT: left fronto-temporal (LFT); TP: temporo-parietal; AST: anterior sub-temporal (AST); TP: temporo-parietal;
LF: left frontal; PST: posterior sub-temporal; LT: left temporal; IF: inferior frontal (IF). PIH: posterior interhemispheric; RTG: right temporal
grid; RAST: right AST; RPST: Right PST; ROG: Right occipital grid; IIH: Inner hemispheric fissure; SIH: Stereotactic depth electrodes in
hippocampus
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3D Printed Microdrive for Chronic Neural Recording and Optogenetic Stimulation in the Rat Brain
Min H. Kim, Obadiah K. Koech, Amy M. Demick, Laurie L. Wellman, Larry D. Sanford, Hargsoon Yoon
Norfolk State University

Introduction

Optogenetic stimulation can selectively stimulate specific cells that have been genetically modified to express light-sensitive ion channels.
By selectively activating or inhibiting neurons and measuring activity, functional neural networks can be identified and investigated. To better perform optogenetic stimulation and neural recording in freely moving animals, we developed a 3D-printed microdrive to enable positional adjustments of microwire electrodes and an optical fiber during chronic recording in the brain.

Methods and Results

In this research, we integrated four microwire electrodes and an optical fiber for optogenetic stimulation for neural recording and stimulation. The microdrive was designed by a 3D CAD program (Inventor, Autodesk, Inc.) and fabricated using 3D printing. The base material is a photosensitive polymer with the elastic modulus of 1GP and the material density of 1.13 g/cm3, which shows sufficient mechanical strength for reliable operation and light weight appropriate for mounting on the skull. The size of the microdrive is 8.5 mm x 5.1 mm x
12 mm, and it is designed to travel up to 3 mm by integrating a fine pitch metallic screw and nut set. With this design, each rotation could
make 375μm displacement of probe position. This microdrive with the optrode was implanted and tested for chronic measurement over a
2-week period. Neural signals were successfully recorded at various locations along the line of travel.

Conclusion

These results demonstrate that this simple design and fabrication process using 3D printing can be highly effective for chronic behavioral
research and can significantly reduce costs and time.
Funding: This work is partially supported by grants from the NSF (NSF-RISE 1345215) and the NIH (MH1057701).

207 | A Joint Meeting of NANS & NIC | June 25–29, 2016

Development of Nano Electrode Array for Functional Imaging of Neural Network Using Electrical
Impedance Tomography
Min H. Kim, Obadiah K. Koech, Hargsoon Yoon
1 Norfolk State University
Real-time imaging of fast electrical activity in the nervous system is critical to understand functional neural network related to animal behaviors. Electrical Impedance Tomography (EIT) enables tomographic imaging of impedance changes from neuronal ensemble activity. In
previous researches, EIT has been implemented with surface electrodes placed on the skull or directly on the surface of the cerebral cortex for neural activity imaging. The aim of this research is to extend the scope into the deep brain using nanotechnology.
As part of an effort to develop EIT electrodes, we applied nanotechnology on electrodes to enhance electrochemical impedance characteristics. Various designs of nanoelectrodes were investigated to minimize damage to the brain tissue and overcome size constraints in
the brain. For nano-electrode fabrication, we applied electrodeposited iridium oxide film neural probes. Iridium oxide showed high charge
density and high charge injection rate which are ideal for EIT application. To enhance mechanical adhesion of the nanostructure film, we
developed a new fabrication process that amplifies the nucleation of iridium oxide at the initial stage of deposition process. Measured results were analyzed using electrical impedance spectroscopy and compared with theoretical models. According to impedance analysis,
nanoelectrodes provide significant improvement in electrochemical impedance capable of functional EIT in the brain. Future work is required to apply nano-depth probes for in-vitro and in-vivo studies and characterize their functionality in the rat brain model.
This work is partially supported by the NSF-RISE grant (1345215).
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(a)

(b)

(b)

Bare probes

PEG brace

L

Fbare < Finsertion
Buckles

(c)

Leff < L

Fbrace > Finsertion
Penetrates

F

(a)

(b)

1,200 µm
(Total probe length 5.5 mm)

(a)

(c)

250 µm

100 µm

saline

250 µm

Figure 1: (a) Buckling force threshold of bare probes is lower than that
required for insertion, resulting in deformation. (b) PEG brace reduces the
effective length of probes, increasing the buckling force threshold and
enabling successful implantation. Buckling force (F) is modeled by the
equation above in which K is the column effective length factor, E is the
Young’s modulus, I is the moment of inertia, and L is the probe’s length.
(c) Exposed probes are inserted to brain, PEG brace is dissolved in saline,
and remainder of probes inserted to 5.5 mm deep.

150 µm

(d)

110 µm
50 µm diameter

250 µm

Figure 2: (a) Schematic showing dimensions of neural
probe. Top group of four electrodes targets CA1 and the
bottom group targets CA3 in the hippocampus (b) SEM
of array (c) close-up of probe tips (d) micrograph closeup of fully fabricated array with Pt electrodes and traces.

250 µm

Inset
100 µm
Figure 3: Nissl stained transverse slices of sham array
insertion into left rat hippocampus and sacriﬁced
immediately post-surgery. Slice depth 3.82 mm.

Acknowledgements: This work was funded by the NSF under award number CBET-1343193.
The authors would like to thank Dr. D. Zhu and the members of the USC Biomedical
Microsystems Laboratory for their assistance.
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Public Regulatory Databases as a Source of Insight for Neuromodulation Devices Stimulation
Parameters1
Doe Kumsa2,3, Gregory F. Molnar3,4 Pavel Takmakov2
1 This abstract was submitted for Breakout Session 3: Maximizing the Value of Neural Interface Data on June 29, 2016, 12:30–1:30 pm.
2 US Food and Drug Administration, White Oak Federal Research Center
3 Medical Device Innovation Consortium
4 University of Minnesota School of Medicine

Abstract

Medical device manufacturers collect extensive data to demonstrate the safety and effectiveness of their respective clinical neurostimulators. This unique body of information is submitted to US Food and Drug Administration to be cleared for commercial use of these devices in the US. Some of these data are obtained from transcripts of panel meetings; databases of PMA and 510(k) summaries and peer-reviewed publications referenced on ClinicalTrials.gov. Frequently, the data from these databases is overlooked in peer-reviewed scientific
literature, which might hinder innovation in the development of new neuromodulation technologies.
In this work the regulatory literature on clinical neural implants has been examined to demonstrate that this information is publicly available and address a specific criterion currently used to outline neural tissue damage parameters. This criterion is thought to be an important predictor of possible adverse events associated with high levels of electrical stimulation based on the data obtained in animal experiments in feline cortex. While its generalizability to clinical neural implants is not known, in the absence of sufficient evidence sometimes it
is suggested to be used for evaluation of safety of electrical stimulation. The data on stimulation parameters, electrode geometry and details of pre-clinical and clinical studies were extracted and levels of electrical stimulation are calculated.
The results of this work reveal that limits for charge density and charge density per phase used in clinical neural implants sometimes differ significantly from what is accepted in traditional peer-reviewed literature. This work provides an example of how mining and analysis of
the existing data maximizes impact of existing information and opens new avenue for development of new neural interfaces.
Acknowledgement: this work was sponsored by Medical Device Innovation Consortium. Neurostimulation Working Group participants
(see online at http://mdic.org/computer-modeling/).
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