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Abstract
“The abstract is the face of your report.  It should have at least one sentence describing each section (Intro, Method, Results, Discussion).” [Cauller]

Rats will be trained to control the pitch of a tone played by an audio speaker.  At first a rat will be trained to control the speaker by adjusting a switch or a lever.  During this initial period of manual control, the pitch will be correlated with data recorded directly from electrodes implanted in the brain of the rat.  The correlation will then be used to create a computer program capable of generating the audio speaker pitch directly from real-time brain signals, a brain-control interface (BCI).  Finally, the rat will be trained to use the BCI instead of the manual control.

Introduction

“The introduction provides the reviewer the overall rationale for the project.  The student must demonstrate that the research topic is important and that the specific questions to be studied are logical extensions of previous research.  It should be structured to provide direct support for the specific hypotheses guiding the current project” [Guide].
“This section should state why we did the experiment and what we expect to find (if applicable).  This section normally contains a brief literature review which is not necessary for this course” [Cauller].
Brain control has been implemented using invasive methods such as neuronal recording [Chapin 1999, Taylor 2002], electrocorticographic (ECoG) signals [Leuthardt 2004], and extra-cortical local field potentials (LFP, conductive skull screws) [Kennedy 2004].  Non-invasive methods include electroencephalogram (EEG) [Miranda 2003], electromyography (EMG), and magnetic encephalogram (MEG).  As a general rule of thumb, the more invasive the technique, the better the signal in terms of spatial resolution, temporal resolution, signal-to-noise ratio, and the probability of successful and accurate direct cortical control.

I will use the neuronal recording technique as this will allow us to analyze spiking events from multiple individual neurons simultaneously.  It has a drawback, however, in that electrode wires must be permanently installed through an opening in the skull with a multichannel connector mounted on top.  Complimentary research is being performed in the Laboratory for Cortical Neurointeractivity on a minimally invasive technique which uses an isolated chronic microelectromechanical systems (MEMS) implant that communicates via a transponder powered by an external radio frequency signal.  The same analysis methods used in this proposal for neuronal recording will be transferable to the minimally invasive technique under development.

The proposed experiment would be the first to use audio feedback with an invasive method.  In previous experiments, non-invasive methods such as EEG have been used with both audio and visual feedback.  With respect to invasive methods, previous experiments have focused exclusively on visual feedback, primarily directed at research into the control of prosthetics such as artificial limbs.

I am interested in using real-time audio feedback instead of visual feedback as it lays the foundation for future research in two different areas.  The first is the study of neural plasticity as sensorimotor cortices cooperate in a control task with real-time feedback.  Research in the proposed experiment may lead to the observation of predictable changes to motor and auditory sensory cortex as closed-loop training progresses.
The second future research area is to explore the possibility of implementing an artificial larynx, a BCI that would be based on verbal or declarative rather than somatic or procedural command.  Invasive methods have higher information transfer rates than non-invasive methods.  The information transfer rate may be high enough to someday permit humans to modulate an audio speaker through direct cortical control in a manner that approximates human speech.  With closed-loop auditory feedback and their inherent language abilities, humans may learn to silently “speak” to computers through the artificial larynx.  Cortical control based upon virtual speech, rather than virtual movement, may prove to be a more efficient interface for human-computer interaction (HCI) [Musallam 2004].

Methods

As shown in Figure 1, rats will be trained to use a manipulandum to adjust the frequency of a pure tone played by an audio speaker.  After initial training, a chronic installation of multichannel neuronal recording electrodes will be inserted into the primary motor cortex of each rat to record neuronal spiking activity during voluntary manipulandum control.  Data analysis techniques such as ICA will be used to isolate individual neuron spiking events from the mixed signal recorded by the multichannel electrodes.  A perceptron will be trained to predict the expected manipulandum position from changes to the baseline firing rates of individual primary motor cortex neurons.  Control of the auditory tone will be shifted from the manipulandum position to the output of the perceptron as driven by the real-time signal from the multichannel electrodes.
“The Methods section should give enough information for another researcher to exactly replicate your experiment.
a. Subjects - species, sex, weight/age
b. Preparation - anesthesia type and dosage (mg/kg weight), special handling (eg. cooled in icebath), dissection/surgical technique, stereotaxic.
c. recording/stimulating configuration
d. data analysis methods - statistics or computer programs
e. Histological tissue preparation - marking lesions, perfusion, sectioning and staining.”
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Figure 1.  Open-Loop Neural Recording
Equipment and Facilities
Provide a description of the nature of the dependent variables and how they are to be operationalized.  In the case of indirect measurement such as a personality test, this might include information regarding the reliability and validity of the instruments used and a description of the standardization samples upon which they were developed.  With regard to physiological measurement such as response time, the student must include a description of the equipment used to acquire the data and how it is to be operated.

The Laboratory for Cortical Neurointeractivity at UTD, managed by Dr. Cauller, is equipped with the resources required to perform the experiment.  These resources are itemized as follows:

· Pellet Dispenser

· Manipulandum
· Speaker

· Cage

· National Instruments (NI) BNC-2090

· NI PCI-MIO-16E-4 DAQ

· LabView 6.1
· Two (2) Dell Precision 650 computers (3.2 GHz, 3.5 GB RAM)

· MathWorks MatLab

· Nex Technologies NeuroExplorer

· Plexon Data Analysis Software Offline Sorter

· Plexon MAP Control Software Rasputin

Additionally, UTD provides animal care facilities for experimental animal subjects including rats.

Procedures

This section describes all the steps that will be followed in conducting the study, from beginning to end, in the order in which they occur.  In other words, how the research design will be operationalized.  Depending on the type of research being conducted, this section might include information on the experimentation of control procedures or testing conditions.  This section should also include any assumptions made in the design of the study or limitations in the research protocol that might influence the interpretation of the results.” [Guide]
The experimental methods are divided into two phases.  The first phase is the initial training protocol in which the rats learn to control the audio speaker manually.  The second phase, the closed-loop control training, begins with the insertion of the recording electrodes and ends with the direct cortical control of the audio speakers.

Initial Training Protocol

A rat will be placed in a cage with a water dispenser, an exercise wheel, a food pellet dispenser, an audio speaker, and a manipulandum such as an analog slider switch or a spring-loaded lever.  The rat will have unlimited access to the water dispenser and the exercise wheel.  A computer will control the release of food pellets from the food pellet dispenser.  The computer will also control the audio speaker and monitor the position of the manipulandum.

The computer will be programmed to play a target tone on the speaker at periodic feeding times.  As rats are nocturnal, these feeding times will be scheduled during the night.

At the beginning of each feeding time, the frequency of the target tone will be randomly selected from a fixed frequency range.  The fixed frequency range will be selected to fall within the overlap of the normal hearing range of both rats and humans.  The frequency of the target tone, once randomly selected, will be held constant during play.

The duration of this initial target tone will be three seconds (3 s).  For a five minute (5 min.) period immediately following the target tone, any movement of the manipulandum will initiate play of a new controlled tone.  Unlike the target tone, the frequency of the controlled tone may be varied during play and will be determined by the current position of the manipulandum.

If at any time the frequency of the controlled tone falls within a frequency window centered about the target tone frequency, the controlled tone will terminate and a food pellet will be dispensed immediately.  This will reward the rat for adjusting the frequency of the controlled tone to match the frequency of the target tone by moving the manipulandum.

Initially the frequency window will be broad so that any movement of the manipulandum whatsoever will result in a food pellet reward.  The frequency window will be gradually reduced so that the rat must deliberately adjust the control frequency to approach the target frequency.

If the rat fails to adjust the control frequency to match the target frequency within the five minute period following the play of the target tone, the control tone will terminate automatically and a food pellet will be dispensed to prevent starvation.  Rats that learn to use the manipulandum will be able to receive their food pellet up to five minutes sooner than untrained rats.

Rats will be manually weighed and visually inspected on a daily basis.  The recorded weights will be logged and plotted over time to ensure that the rats are receiving adequate nutrition.  Any behavioral anomalies will be noted and investigated.

Maintenance of the cages will be performed daily.  The levels of water and food pellets in the dispensers will be monitored to ensure that they falling at the expected rates.  Failure of the levels to fall as predicted may indicate an obstruction or an automated control problem.
Initially there will be only one training environment cage.  To increase the number of subjects in the study at any given time, a rat will be placed in the training environment for one day each week.  This will allow for 5 subjects to be trained in parallel.  Whether this approach is feasible will depend on the ability of the rats to retain their training between training days.  During non-training days, rats will be maintained in the animal care facility.
Closed-loop Control Training

Closed-loop control training begins with the chronic installation of multichannel recording electrodes into the primary motor cortex of the rat.  The parallel electrodes will record the voltage fluctuations in the extracellular space corresponding to the firing of individual neurons.  Each electrode, although spaced at reasonable distances from its neighboring electrodes, will record many of the same spiking events nearly simultaneously [Takahashi 2003].  The situation is analogous to two or more microphones placed in a room full of individuals speaking over each other.  The challenge is to distinguish the voice of a single speaker as recorded from multiple microphones with varying delays.  Independent Component Analysis (ICA), a relatively new data analysis technique, solves this problem by exploiting the statistical independence of the signals from the individual speakers [Hyvarinen 2001].  ICA will be used to isolate individual neuron spiking events from the mixed signal recorded by the multichannel electrodes.

The firing frequencies of the individual neurons will be measured and correlated with the tone frequency played by the audio speaker.  In an offline analysis, a simple artificial neural network (ANN), a single-layer perceptron [Hertz 1991], will be trained to predict the audio speaker frequency based on the current firing frequencies of the recorded neurons.  Except for a non-linearity in the final stage of processing, using a single-layer perceptron is roughly equivalent to a mathematical operation variously described as the dot product, inner product, projection, or vector angle cosine [Taylor 2002].

The input to the perceptron will be the firing frequencies of the neurons as converted to z-scores [Triola 1998] where the means will be set to the baseline firing frequency of each neuron.  After successful offline training of the perceptron, the synaptic weights will be fixed.

Thereafter, control of the auditory tone will be divided between the manipulandum position and the output of the perceptron as driven by the real-time signal from the multichannel electrodes.  Initially, the manipulandum position will receive the majority of the control weighting.  The weighting of the perceptron will be gradually increased at a rate that is slow enough for the rat to adapt.  Eventually control will be based solely on the cortical-driven perceptron with no input from the manipulandum.
Risk Analysis and Alternatives

This will be the first invasive brain control experiment to use real-time auditory feedback.  The following discusses the associated risks and the alternative approaches that might be employed if the initially planned techniques are unsuccessful.

Related invasive cortical control experiments have used rats [Chapin 1999], monkeys [Taylor 2002, Musallam 2004], or human subjects [Kennedy 2004, Leuthardt 2004].  The rat was chosen for the proposed experiment because it is the preferred subject animal in many of the UT Dallas neuroscience laboratories including the Laboratory for Cortical Neurointeractivity where the experiment will be performed.  Although the rat is not an especially vocal creature, I am confident that rats will be able to learn the manual control task using an auditory feedback signal and then later transfer this ability to the direct cortical control task.  As a backup position, however, the UT Dallas neuroscience laboratories also provide animal care facilities for and experience with cats as subjects.

The proposed experiment will record from neurons in the primary motor cortex.  Previous experiments based upon visual feedback have recorded from the primary motor cortex, premotor cortex, and parietal cortex.  As this experiment will be the first to rely upon closed-loop auditory feedback, recording from the primary motor cortex may not yield adequate information as control is shifted from the manipulandum position to the perceptron output.  As discussed in [Musallam 2004], recording from cortex related to speech may yield better results.

Previous experiments have used real-time visual feedback in which a lever or a cursor is moved by direct cortical control in two or three dimensions (x, y, and z) [Chapin 1999, Serruya 2002, Taylor 2002].  In [Leuthardt 2004], the authors discuss the possibilities of extending control to additional dimensions.  I propose to limit the initial experiment to the control of just one dimension, the pitch of the audible signal.  If this is successful, I may extend the experiment to two dimensions such as pitch and volume.

Schedule
The schedule represents the offeror's commitment to perform the program tasks in an orderly, timely manner.
The proposed experiment will be performed as a first year research project.  The goal is to deliver preliminary results by the project paper due date of 2005 April 1st.  Assembly of the training environment, including sensor and control software, will begin in the 2004 Fall semester and end before Winter break.  The rats will be introduced to the training environment at the beginning of the 2005 Spring semester when they can be monitored on a daily basis.  Neural recording equipment and software will be prepared and tested while the rats master the initial training protocol.  Chronic implantation will then follow.
Each major task identified in the SOW should appear as a separate line on the program schedule.  Planned meetings, such as kick-off, presentations (including final presentation on the effort), Technical Interchange Meetings, etc., should be included in the Time Line.  The Time Line should also indicate the anticipated meeting site.
· 2004-10-18  pellet dispenser control

· 2004-10-25  speaker control

· 2004-11-01  lever construction

· 2004-11-08  lever position sensor

· 2004-11-15  training software

· 2004-11-22  cage assembly

· 2004-11-29  semester ends

· 2005-01-03  rat training begins
· 2005-01-10  recording setup
· 2005-01-17  ICA software
· 2005-01-24  perceptron software
· 2005-01-31  chronic implantation
· 2005-02-07  open-loop recording
· 2005-02-14  open-loop recording
· 2005-02-21  perceptron training
· 2005-02-28  closed-loop training
· 2005-03-07  closed-loop training
· 2005-03-14  data analysis
· 2005-03-21  draft project report
· 2005-03-28  submit project report

This study outlines several (perhaps three or four) ways the study might come out.  One way to do that might be to present a series of figures showing a variety of possible patterns of results.  For each plausible outcome the student should state briefly (two or three sentences) what the outcome would mean.  That is, how would the student interpret each of the plausible outcomes of the study? [Guide]
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