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(U/A6H8) Finally, and this is true of all noninvasive neuroimaging methods, imaging at the level of
cubic millimeters isstill a relatively coarse measure of neural activity asthere may be thousands of
neurons, and thus hundreds of neural circuits, contained ina cubic millimeter of brain tissue. Thus,
noninvasive neuroimaging methods are not able to imag e at the resolution of local neural circuits or
cortical columns, even though these are hyvpothesized to be the functional units of the brain.

(U) How It Works

(U//FOYO) A subject is placed in a large, homogenous magnetic field. usually' 1.5 or 3 Teslas in strength
(although there are a few locales with stronger fields). The magnetic field has the effect of aligning the
spins  of susceptible particles, most importantly water (for structural imaging) and
oxyvgenated/deoxygenated blood (they have different magnetic properties, and socan be detected for
functional imaging). In order to create a strong. homogenous field. the magnet is a liquid-helium-cooled
superconducting electromagnet. Other resistive electromagnets, sometimes in the same machinerv as the
primary magnet and sometimes in separate coils, create.a small gradient in the magnetic field which
allows for localization of signal. Finally, at specificd times a radio frequency (RF) pulsc is sent into the
magnet (and the subject) to disrupt the particles from their orientation. Asthe spins relax back into
alignment with the primary magnet thev send off an RF signal. which is detected and analyzed to create
the MRI/fMRI image. MRI has excellent spatial resolution but poor temporal resolution because it
measures the hemodynamic response (blood flow) instead of direct neural events.

(U) Primary Magnet
(U/POPOY Bcecause the magnetic field mustbe strong and homogenous, a superconducting

electromagnet is generally used. However, this leads to a large, non-portable system. Therc arc a couple
of possibilities for making the primary magnet portable:

(U/A0¥69 High temperature superconductivity: If an electromagnet could become superconductive at a
higher temperature, the liquid helium and associated machiners would be unnecessarv. Currently the
“warmest” temperature for a (consiste ntly tested) superconductor is around 130° Kelvin or -140° Celsius.
Obviously this is far away from room temperature superconductivity, which isoptimal from an
operational perspective. These high temperature superconducting materials have the advantage that they
can be cooled by liquid nitrogen or something else cheaper and more available than liquid helium, but the
disadvantage that thev are typically ceramics that are expensive and not easily formed into wires. Ifa
magnet could be created with a high temperature superconductor, it is unclear how much of a reduction in
size or increase in portability would result. Judgment: plausible, but unlikely to be overly helpful from an
operational perspective. Confidence: 4

(U/OBO7 Alternative magnets: Instead of using a superconducting electromagnet. a different magnetic
field generator could be used. This would lead to a smaller system since cooling equipment would not be
necessary. Prior work in MRI has used non-superconducting electromagnets or permanent magnets. Both
of these methods suffer from alack offield strength and homogeneity and are not currently used.
However, if portability is a key concern, and the other elements of the machinery could be incorporated

(gradient field generator, RF transmitter and receiver), then a trade-off between signal to noise ratio and
size may be worthwhile. Judgment: plausible, but unlikely to be helpful. Confidence: 3

(U) Gradient Magnets

(U//POH6) These magnets produce asmall gradient. on the order of tens of milliteslas, across the
primary field to enable spatial localization. These are typically normal (resistive) electromagnets. There is
no particularly attractive way to improve this portion of fMRI
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(U) How It Works

(U//B8¥0F A variety of substances can be used as markers of brain function; oxygenated blood, for
example (as in fMRI), but also water and various neurotransmitters. A radioactive tracer can be created
that mimics one of these substances and thus acts as a proxy for it. fluorodeoxygl ucose is a popular one
that follows the use of glucose in the brain. As the tracer releases positrons, they interact with electrons in
nearby tissue and annihilate, releasing two gamma photons. These photons are detected bv machinery
placed around the head and the locations and counts are used to determine the amount of “activity™ with
good spatial accuracy. However, PET can only beu sed so many times onthe same subject due to
radiation concerns, and the use of radiotracers with relatively short half-lives requires a cyclotron nearby:.
Furthermore, no anatomical data is collected by a PET scan. soa CT scan is usually incorporated into the
procedure to allow for registration of the data. The temporal resolution of PET is very' poor due both to
the hemodynamic-like nature of the measure as well asthe decay properties of the radioactive tracer.
Between the radioactivity, nced for a separate anatomical scanner, and the need for a cyclotron, it is not
worth trving to upgrade PET; current fMRI technol ogy is sufficient to replace PET in most aspects.

(U) Magnetoencephalography (MEG)

(U//F6¥83 In contrast to fMRI and PET, magnetoencephalography (MEG) actually senses the magnetic
field emitted when neurons fire, and thus provide relatively fine temporal resolution (on the order of tens
of milliseconds). However, because of the fact that the emitter of this signal is being sensed at the scalp,
the location of that emitter must be inferred rather than being directly measured, as in fMRI. Thus, the
spatial localization available for MEG is not as reliable as it is for fMRI.

(U) How It Works

(U/POEO) When a neuron fires, a current essentially flows through the cell body down the axon to a
neighboring ccll. When enough ncurons in the same area and same general direction fire in synchrony, the
current becomes sufficient to produce a magnetic field detectable atthe scalp. This signal is still many
orders of magnitude smaller than the ambient magnetic noise around a person. however, so recordings are
done in a magnetically shielded room with very sensitive superconducting quantum interference devices
(SQUIDs) operating at cryogenic temperatures. Thus, the requirement for magnetic shielding and the
large cryogen container make current MEG not feasible for fielded applications. This as also resulted in a
smaller amount of the published literature using MEG relative to fMRIL

(U//F6BO) Due to the drop-off of magnetic strength with distance, itis more difficult to image deep
structures inthe brain, although it can be done. Current data analysis techniques allow for excellent
temporal and pretty good spatial resolution: better  spatial resolution compared to EEG
(electroencephaography: described below) comes from the fact that the skin and scalp smear electrical
signals but not magnetic signals (at least. not as much). Like PET, MEG contains no anatomical data, so a
separate MRI is usually conducted with markers that allow the data to be coregistered. One method for
making MEG more operationally relevant isto improve the sensors such that they don’t require
supercooling.

(U) Superconducting Quantum Interference Device (SQUID)

(U/FOU0) Much of the size of the MEG apparatus could be eliminated with portable, room temperature
SQUIDs orother magnetometers. It sounds asif this may be possible soon. One issue with high-
temperature superconducting SQUIDs is that they are typically less sensitive than typical superconducting
SQUIDs; testing would be necessary to ensure that the signal to noise ratio is acceptable for brain
imaging. However, there are alkali magnetometers that have been developed by researchers at Princeton.
and that are currently being developed with neuroimaging in mind at Sandia National Laboratories. While
these alkali magnetometers still require a magnetically shielded room, they are currently I cubic inch in
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(U) Optical Imaging

(U//FeH8) Optical imaging has been used for decades and improvements are likely to be small changes.
Most research syvstems involve atable top camera (or two) which emit and detect infrared light and
account for head movement. These systems have the benefit of being non-intrusive, but are susceptible to
large changes in head position or wide angles of vision (looking too far up or down. left or right). This
can be accounted for by using a head-mounted system, which places a small camera just above or below
the eve. Ahcad mounted system accounts for head motion by moving with the head. but is more
intrusive. Optical eve tracking is also susceptible to things that obstruct the light’s path to the retina, such
as blinking, some glasses and contact lenses, drooping eyelids, and long evelashes.

(U//e280) More cameras: Tobetter account for head motion, wide gazes, and other disruptions, a
syvstem with additional cameras could be used to provide additional information. Instead of one camera
directly in front of the subject. two or three cameras could be placed at angles to the subject, perhaps also
vertically in space. Ifthe subject moved his head to one side one camera would primarily record useful
information. but in general the camcras would be linked to intcgratc their measurements and obtain
cleaner data. This may not help with blocking/reflecting issues like glasses orevelids, however.
Judgment: extremely doable. Confidence: 9

(V) Electrical Imaging

(U//POE0) Since the eveball has a differential charge from the lens to the retina, electrical recordings
(via electrooculogram (EOG), which requires an electrode be placed near the eve) can be used to detect
when the cye moves, and thus create rclative points of gaze. While EOG recordings arc commonly used
to detect the fact that the eve has moved for issues of artifact corrcction in EEG, they are not typically
used for actual eve tracking. The few sources that have investigated eve tracking via EOG raise issues of
accuracy/resolution (tvpically not as good as optical tracking), limited range of gaze where the EOG and
eye movements are linear, and the usual sources of noise in an electrical recording which requires a good
amount of filtering/processing. Additionally, EOG would require placing electrodes on the subject, which
would eliminate any potential discreet uses. Finally, eye tracking via EOG would need additional methods
to determine head position as eye movements via EOG are relative, not tied to a particular gaze direction.

(U6 Accounting for motion: Inoptical systems, head movement is detected bya camera.
Similarly, a camera orother optical system could be used tomonitor head movements in electrical
imaging. However, adding a camera largely defeats the purpose of using an electrical system: otherwise,
tracking could be done with the camera. Instead, a gyroscope placed on the head could be used to account
for head movements and provide a frame of referenc e for absolute eyve position as opposed to relative eve
movements. The wireless dr EEG system created by Emotiv contains gyroscopes; it could be in part for
this purpose. Judgment: extremely doable. Confidence: 10

(UMPOBEY While eye tracking via various methods has proven to provide useful information about
cognitive state, it does require an instrumented system and/or a cooperative subject. Ifthese devices
proliferate, orof other devices that can provide this information (for example, COTS EEG devices)
proliferate, eve tracking could potentially be used in an unwamed manner. More research on the kinds of
information that could be gamered (for example, knowledge of particular tyvpes of information) would
need to be done to determine the actual threat posed if. indeed. the hardware required to do eve tracking
docs prolifcrate.
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and it may be no better than caffeine. Given the cost and availability benefits of caffeine, itis probably
preferred to Modafinil.

(U/FOE6Y Using the RVIP for the simulated UAV task.| " demonstrated that misses
increase during performance on the task, consistent with other sustained attenition tasks. There could be
two reasons that sustained attention tasks are taxing over time: a decrease in afqQusal due to the gaps of
inactivity between brief response events, or a decrease in attentional resources as they are used up over
time. | | suggested that both are in play, and that using -a second task would
actually increase arousal insuch a way, as to replenish the attentional resources, as opposed to providing
more strain and reducing performance. ° -, .

. .
.
3

(U//Fe863) Thus, in a strictly behavioral paradigm, 'subiqcts performed the task at baseline a6 well as with
an intervention: when a miss occurred. the subject would either hear an alarm tone or perforny one of two
difficulty levels of an auditory working memory task (hearmg thege or four digits and decnding if they
could be contiguously ordered). Each intervention was equally successful in reducing misses thtpughout
the task. and rates of misses over the course of the task were equivalent (a rising miss rate is indicatjve of
vigilance decrements). The alarm, however, was subjectively more frustrating and’ less tolerated than the
working memory tasks. Thus a simple behavioral task could be used in addition to the vigilance taske to
maintain attention. However, the distraction provided by the second task is unknown because’ tai;,ets did
not occur during performance of the intervention. o, .

L]
* .
.

(b) (6)

(U//FoB8¥ There are also_studies that have looked atthe effect of various drugs on maintaining OGA

performance after exercise. C-smgpested that some ofvthe: knewrr exereise- fatigue effcats are e,

fact cognitive in addition to physical. Adenosine is a chemical that is produced during exercise, is fourtd.*
in the brain, and is known to increase during wakefulness and decrease during sleep; thus higher levels
are associated with worse attention. The authors injected either an adenosine agonist (te increase levéls)
or caffeine (which is an adenosine antagonist) into rats and measured how long they' maintained treadmill
running. They found that rats that received the adenosine agonist were genetally less active and, $topped
running earlier than those who received placebo injections, while tiffeine increased running ‘time and
partially counteracted the effects of the agonist in rats who_received both. While there is no cognitive task
performed here, the understanding of the fatigue mechanism (at least partially' due to adengsine levels) is
important, and could be used to generate cognitive 'supporters/enhancers. *

.

(U/FPOY6Y Similarly, E7 cited research showing that exercise increases serotonin, which
results in fatigue. TyTosine is an amino acid precursor to dopamine and a competitor with tryptophan, the
precursor to serotonin. Carbohydrates are also tryptophan competitors and provjle muscles with energy.
The authors provided bike riders with one of a placebo drink, adrink with ¢arbohvdrates, a drink with
tyrosine, or a drink with both carbohydrates and tyrosine while they perfoymed an endurance time trial.
Carbohydrates were found to help performance, perhaps due to some, *cognitive effects asthey did
decrease the level of tryptophan in the blood. Tyrosine had a subjectivg *effect of reducing the feeling of
fatigue, but had no effect on biking performance. .

.
3

(U//FOHE60) Yet another exercise effect was found b):[ % Exercise releases ammonia in the
muscles, which may then travel to the brain. Ammonia is known to interfere with brain metabolism in
general, and with GABA in particular, because its precursor, glutamate, is used to remove ammonia from
the brain. The authors verified that exercise (bike riding) indeed raised levels of ammonia in both the
blood and the cercbral spinal fluid. and that higherlevels of ammonia werc associated with higher
perceived levels of effort. These effects, however, were somewhat mitigated by providing glucose, which
reduced levels of circulating ammonia.
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biomarkers change too slowly. However, to the extent that thev may serve as markers of other predictive
variables, such as stress, personality, propensity for Iving, and so forth, they may be useful as field tests
for categorizing or profiling the type and state of the person to be questioned.

(U) Summary

(U/POBOY In summary, there is no single technique or technology that is currently thought to distinguish
the truth from lies with much more accuracy than the polygraph (topping out at perhaps 90 percent).
Some have the potential to perform better, but appropriate testing is limited at best and it is unknown if a
single technique is capable of the high accuracy desired. It is important to decide which research goal is
more critical (or whether to pursue both): theoretical understanding of lving or simple detection. In either
case, itis highly likely that multiple techniques will be necessary for characterizing what markers
distinguish a lie from the truth under a variety of conditions. The use of converging methods is critical in
theoretical research today, and multiple methods will provide additional predictive power in the applied
detection of deception.

(U) Recommendations

(U/F0H683 Research inthe areas of fMRI, EEG, fNIRS, behavioral testing, and perhaps facial
scanning/eve movements is specifically recommended. fMRI and EEG are the two most developed
technologies interms of current rescarch into deception detection and have peer-reviewed accuracy in
some situations of around 90 pe rcent. which is far better than the polygraph. Research inthese areas
should specifically look at generalization to other populations and paradigms, particularly interview
situations with experienced liars. Research should also focus on paradigms that exploit known
subconscious/automatic effects, such as priming, which should prove more resistant to countermeasures.

(U/POBO) Once advances are made in these areas, parallel research should be conducted using fNIRS.
EEG and fNIRS have the best probability of use in the field once technological hurdles have been cleared
in portability, noise/interference issues, and analysis speed. Behavioral testing, both interms of test
construction and personality tvping, will be useful for detecting deception as well as categorizing
subjects. People are known to vary ina variety of important ways, and their ability to lie is one of them.
As noted previously, itis very likely that some subjects will be nervous while other will not: some will
have prepared stories and others will not. The particular markers that detect deception in each of these
groups will differ from each other. Finally, facial scanning or eve movements are useful as potentially
orthogonal measures that can add predictive power to models of lying. Each is portable and relatively
cheap and may tap into somewhat automatic processes (particularly eve movements), and more
importantly has shown predictive power onits own. While itis unknown ifit is possible to detect
deception with an arbitrarily high accuracy (say 99 percent), the more valid measures that are accessible,
the better the chance there is of that goal being achieved.

(U) Improving Technologies for Deception Detection: What
Would It Take to Make a Deception Detection Technology
Better/More Portable?

(U) Functional Magnetic Resonance Imaging

(UMPOBO) Functional magnetic resonance imaging works by using a large magnet to align the spins of
susceptible molecules in the body, then disrupting them with a radio-frequency signal and measuring the
resulting signal as they relax back into alignment. Because oxygenated and deoxygenated blood have
different magnetic properties, the comparative signals they produce can be used to track blood flow in the
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not well understood (whether itis pre-synaptic or post-synaptic firing. what these might mean different
from each other or different from the potential change within a cell, and so forth). Due to the physics
difficulty in deducing electrical sources from the field measured at the scalp, the spatial resolution of EEG
is fairly poor. However, the temporal resolution is very good. working at the millisecond level. The EEG
signal itself can be analvzed for frequency information, such as the power at alpha. theta, etc, or the signal
can be “cut up” and locked to events (such as displaving a stimulus) and averaged together to create an
ERP. AnERP isthen analvzed for components, or deflections inthe waveform that correlate with a
putative cognitive function. Once established. a component can then be used to make assumptions about
the presence or degree of some kind of processing (for example, mnemonic), although this analvsis is
tyvpically strongly tied to the paradigm that generates it.

(U/MPOYBY The current typical EEG svstem can be described by the number of channels, or recording
electrodes, that is uses. Research systems use anywhere from 16 to 256 channels. The signal and spatial
resolution increase with more channels, although there is a limit due both to limited space on the head for
electrodes and the correlated activity of electrodes near each other. Denser recording systems increase the
cost; a good 128 channel system costs around $100K. Current limits to EEG include the ability to amplify
and rccord the clectrical signal and analyze it. Because of the small magnitude of the signal (on the order
of microvolts), brain activity is typically overwhelmcd by outside sources and physical clectrical signals
such as eve movements, respiration, and heartbeat. This requires a good recording. usually aided by
scraping the scalp to remove dead cells and using conductive gel to lower the physical resistance, as well
as the use of signal amplifiers. In addition, any ERP waveform is then generated by averaging together a
number of individual waveforms, tvpically at least 15-20, to average out the random electrical noise and
draw out the brain signal.

(U//Fe¥8) EEG has astrong potential tobecome more portable and field-usable. The technical
drawbacks are recording in a non-obtrusive way that doesn’t harm the signal to noise ratio. For example,
scalp scraping and conductive gel may not be desirable in all circumstances, and in fact some “dny™ EEG
systems do exist. However, the cost is reduced signal quality. This could potentially be overcome with
better amplifiers located at the recording channel, but these are currently very expensive (on the order of
hundreds of dollars per channel). The signal issue is especially important for ERPs, similar to as
discussed with fMRI; lower signal means more trials needed to average together. An alternative is to
record the EEG from inside the skull; the skull and scalp smear the electrical signal, so moving inside of
them reduces the noise. However, this is obviously invasive. Localization even then is still not perfect. but
it is also untenable to place electrode arrays throughout the brain. EEG analysis can be conducted in real
time or near-real time, but ERP analysis is slower due to averaging; this time loss can be reduced if fewer
trials are needed to generate the average. Thus the most desirable outcome for EEG would be to find a
way torecord drv EEG from arelatively small number of channels and transmit the information
wirelessly toan analysis device. Ifa solid or powdered conductive agent (as opposed toa gel) were
developed. this could aid in reducing signal loss. Alternatively, if some relatively non-invasive manner of
recording from within the skull were developed. perhaps targeted nanorobots, the signal would be much
greater and better spatial resolution could be achieved.

(U) Facial Analysis

(U/FOB0) Facial analysis works by correlating specific muscle movements with known emotional
states. For example, fear isdenoted by a widening of the eves and other stereotyped movements. With
training, people can learn to recognize even split-second muscle movements and thus detect fleeting or
concealed expressions of fear, anger, surprise, and so forth. These emotions can then be used to decide if
a person is lying or telling the truth with some degree of accuracy.
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periods of activity, such asthose under the effects of sleep deprivation. This document is focused on
possible methods of increasing baseline levels of atte ntion as opposed to sustaining attention against the
decrements caused by fatigue. There are two sections, technological and drug interventions.

(U) Technological Interventions

(U/POPO) As discussed in the vigilance summary section, attention is thought to work at the level of the
brain via top-down signals from a control network in the frontal and parietal regions sent to the sensory
processors of interest. An example would be that if the important feature to lo ok for is something red,
then the fronto-parietal network would enhance V4, the portion of visual cortex thought to be responsible
for color processing. This enhancement is thought to have two forms; a base line increase in activity
before any stimulus is presented, and then increased response toa matching stimulus compared to that
same stimulus if it is not to be attended. This is particularly true if there is also a stimulus to ignore near
the stimulus tobe attended. as inhibitory' activity also occurs (attention raises the activity toa single
stimulus as well. but not as much). However, it is possible that the baseline increase is related only to the
expected spatial location of the stimulus and not the content of that stimulus; there is evidence that
baseline shifts in activity fail to predict response to the stimulus itself. The exact mechanism that creates
these enhancements is unclear, but it is thought tobc primarily due to cholinergic projections from the
fronto-parietal regions tothe upstream regions. It may also be reflected in synchronization between
different processing regions: synchrony of neural firing between brain regions may function as a tag or
mechanism for noting which distinct features (color, motion, shapes, and so forth) go together in a single
object or percept

(U/MOE6) Given that the target of attention is basic sensory processing regions, it scems that the best
method for boosting attention would then be to attempt to stimulate these regions, to make them more
receptive to incoming  stimuli. However, the evidence showing that baseline activity increases are
unrelated to stimulus-processing  activity makes this an unattractive choice. A better option may be to
simply increase the functioning of the fronto-parietal attention regions in the first place and assume that
thev will target the proper sensory regions asth ey would normally. The two mechanical methods
currently available to do this are TMS and TDCS.

(U/POB0) TMS has been applied to the parietal lobes in a few studies and has demonstrated effects on
spatial attention. Because the hemispheres have mutual conncctions, rescarchers have been able to apply
TMS to one parietal hemisphere and affect the deployment of attention to the other side. The parameters
of stimulation are important; low frequency repetitive TMS (rTMS) applied to the right hemisphere would
aid attention to the right visual field by releasing the left hemisphere from inhibition (there is a cross-over
in spatial attention such that the left hemisphere directs attention to the right visual field) whereas high
frequency rTMS would aid attention to the Icft visual ficld. But. applving TMS to parictal regions has
been shown to affect earlier sensory regions while that feature was present (medial temporal lobe activity
was different if motion was present along with TMS versus without TMS). The main issue with using
TMS would be to determine for sure a) what brain location should be stimulated for the particular task to
be accomplished, b) what parameters aid performance, as opposed to inhibiting function (which seems to

happen often with TMS), and c) if the enhancement lasts bevond the application of TMS and for how
long.

(U//Fe@8) TDCS, on the other hand. seems to have much more consistent and beneficiary effects on a
variety of tasks. Anodal TDCS almost always seems to benefit performance ontasks via excitatory
stimulation whereas cathodal TDCS does the reverse. TDCS also has specific effects on different tasks
depending on electrode placement: putting the electrodes over the temporal cortex improves word
recognition memory but not attentional cueing. and placing them over motor cortex improves motor
skills. Since the frontal and parietal regions involved in attention are relatively near the cortical surface,
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(U//FOHE6) While all of these issues make invasive BMI sound completely unattractive, and the long
term goal isto have more versatile noninvasive BMI. existing research is promising and provides
information on where BMI technology is now and could be in the future. In attempting to decode neural
firing from motor cortex it has become apparent that single neurons are not incontrol of any single
movement. Any one neuron has a preferred direction of motion that it will fire maximally for. but it also
responds to movements in a different direction. It is actually the overall firing level in a group of neurons
that determines a movement. and in fact implanted BMI record from tens to hundreds of neurons. °'
Perhaps the most important implication of this finding is that multiple tvpes and directions of movement
can beread out from the same region (although perhaps not optimally if the movements are very
different). Finally, invasive BMI have provided one very important proof of concept: that brain activity
can beused tocontrol movements without involving any muscle activity. Because oftheir use in
paralyzed patients and their limited spatial area of recording. it can be concluded that arm movements or
muscle activity from the head are not needed or contributing to control of the external device. As we will
see in the noninvasive BMI section, this is an important issue for deciding what exactly is being recorded
and what could be used as a control signal. Itis also the case that normal subjects, and animals, learn to
stop moving their body when controlling anexternal device because itis unnecessarv. This raises the
interesting question of if it would be possible to ¢ ontrol an external device as well asone’s own body
simultaneously.

(U/AE6) The remainder of this section will focus on two different invasive BMI experiments. The first
taught a monkey to control a robotic arm.*” The task goal in this case was to reach out to one of a few
locations, use a pincher-like grabber to retrieve a piece of food, and then bring it back and eat it. The
experiment was originally performed with a different monkey who did not have control of the grabber,
and then extended to a second monkev who provides the current data. The monkevs had a few days of
initial training with the arm via joystick control so that they could learn about the apparatus; the authors
presume that this would be unnecessary for a human. Transitioning from the joystick to cortical control
was too difficult. however: it is unknown if this would be true for a human. Thus a training program was
created wherein the monkey would initially watch the arm move itself (controlled by the experimenter)
for a few trials and then control would gradually be given tothe monkey by combining its input with
experimenter control (called the assisted task: this also served as the calibration task at the beginning of
each testing day to create the algorithm parameters and lasted for 16-48 trials).

(U/OYO) The first monkey leamed first to move the arm in one dimension. straight out from its mouth
and back, then in the vertical and horizontal plans, and finally in three dimensions. These three training
periods took a month. Once the monkey attained full autonomous control, there was an additional month
of training wherein the monkey learned to do the full movement including having food placed in the
grabber and placing itin the mouth: finer grabber placement (for example, target accuracy) was also
trained. The experimental monkey additionally learned to control the grabber and was given control over
opening and closing it. This monkey’s training also lasted approximately two months, although it learned
what the first monkey did in approximately a month (that is, most of the training was focused on
integrating grabber control). The delay inthe system was approximately 150 milliseconds, which is
comparable to that of natural bodv command.

(UFOB6Y The experimental monkey, across two days of testing, achieved a 61 percent success rate,
where success is defined as reaching out. grabbing the food. and successfully placing it in thc mouth. It is
important to note that “chance™ success on this task is probably close to 0, and certainly not 50 percent, so
61 percent is fairly high. The movement was broken up into component parts to better analyze the data.
The monkey was almost always successful at rcaching to the proper target (98 percent) and maintained
high accuracy with each successive component task (~90 percent), but failures at any given point led to
the overall accuracy rate. The most difficult part of the task actually seemed to be getting the food off the
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grabber and into the mouth (~83 percent); this could be due tothe food chosen or the material of the
grabber (the overall accuracy prior to this stage was 76 percent). In any event. this was a large jump in
success over the lab’s previous work. in which a monkey was only at 90 percent accuracy at the first
portion of the movement.

(U/F0E0) The second exgerimcnt (associated with BrainGate) taught a human tetraplegic patient to
control a computer cursor.” After training on the cursor, the patient was also able to manipulate some
simplified computer programs, his television. and very simple movements of a robotic arm (opening and
closing a hand. and moving a one-dimensional arm). Similar to the monkey study above, the system was
calibrated each day before testing. The calibration involved watching a technician move a cursor ona
computer screen to random targets for four minutes to generate an initial filter algorithm (actually a linear
regression of neural firing onto target cursor position), followed by four minutes of the patient tracking
the technician’s cursor with his own. The subject was told to imagine moving anactual mouse or
computer cursor on the screen. After the calibration, the subject performed tasks like moving the neural
cursor from the center of the screen to one of several peripheral targets, which the subject was able to do
in 2.5 seconds with an accuracy that increased across six days from 72 to 90 percent. Normal subjects
took around I sccond for the same task. The patient also had some difficulty ona similar task that
involved moving to targets without hitting “obstacles™ onthe screen. Overall, the patient demonstrated
that cursor control in two dimensions could be achieved with some accuracy, and that control could be co-
opted to allow for control of other external devices like a television or simple mechanical devices. It is
likely that better accuracy could be achieved through use ofa more complex algorithm; this level of
control using a linear regression is fairly impressive.

(U/F0H8% The general lessons learned from invasive BMI experiments are that neural activity can be
used to control external devices inreal-time, that they can be used for anumber of external devices
(perhaps without the need for retraining. although that will depend on compatibility issues), and that even
relatively simple algorithms can be used to categor ize small populations of neurons™ activity by the
intended/imagined movement. The issucs raiscd above are still important ones, but it seems that BMI
research is well on the way to restoring function to patients with movement disabilities. The next section
on noninvasive BMI will look at research into allowing normal subjects to control external devices.

(U) Noninvasive Brain-Machine Interfaces

(U/FeH8) In contrast to invasive BMI. noninvasive BMI methods measure neural activity from outside
the skull, tyvpically using EEG but also occasionall v fNIRS. The advantages to noninvasive BMI are
largely the converse of invasive; no surgery is required. fixing equipment is relatively easy, there are no
long-term health issues, and activity can be record ed from anywhere on the scalp allowing for flexible
applications. The major downside to noninvasive BMI is that the techniques currently available suffer
from signal to noise issues at the level of single trials and activity can only be recorded from relatively
shallow brain regions. In the case of EEG, electrical activity in the brain sums together from a variety of
neural sources, which reduces the ability tofocus in ona particular brain region. Furthermore, that
activity isthen “smeared” by the skull and scalp, introducing more noise into the system and further
reducing spatial resolution.

(U/A889 {NIRS can read one of a few signals; one uses blood flow and so has better spatial resolution.
but can only measure activity in the outer centimeter or so of cortex and lacks temporal resolution due to
the sluggishness of the hemodynamic response. A fast NIRS signal can also be measured that corresponds
more to neural firing, like EEG. but suffers from noise issues like EEG. Thus the major issue with EEG,
which is the primary method for noninvasive BMI. is separating signal from noise. This is accomplished
somewhat by using a larger number of electrodes (research apparatuses use as many as 128 channels) but
primarily by averaging together a number of trials of the same type to create an ERP. The main hurdle for
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games to bypass akevboard and mouse, but there are Emotiv games aswell. Anarticle about the
company states that 30 states can be distinguished by the system, but it is unclear how many of them
belong to which of the three categories (facial, emotional, and cognitive). Online demos indicate that the
system is very good at recognizing facial expressions, being able to mimic winks, eyebrow movements,
smiles and frowns. It also claims that the system can replace a mouse by tracking eve movements and
letting some other state determine button clicks.

(U/F0B685 However, many of the demos show users using obvious motor movements while using the
system. An Emotiv-controlled wheelchair works by smiling or winking with one eye or the other to move
forward and turn. Users plaving a video game move their arm to push an animated block or lift a stone. It
is unclear how many of the supposed 30 states are not related to facial movement and how many are truly
“cognitive” as opposed tothe “emotional” relaxed/excited states measured by simpler systems like
NeuroSky. Given that the device operates in real-time, it likely uses frequency bands like the other
systems described One nice feature of the system, if true, would be its ability to measure eve movements.
This would eliminate the need to have an additional eve tracker for anv related applications.

(UAPOBO) In sum. it appears that while EEG (and fNIRS) systems can be used for real-time BMI, it is
uncertain how advanced they are. The academic studies discussed seem tomax out ataround 90-95
percent correct categorization of no more than four, and typically two, responses. These svstems have
been based on activity from motor and visual cortex, which are the two most mapped and stereotyped
systems in the brain. Both systems, for example, are mapped onto space in a very straightforward fashion:
the left motor cortex controls the right side of the body and vice versa, and the same is true for visual
cortex mapping onto the visual field (with an additio nal reversal of top and bottom). So while it seems
like it should be straightforward to determine if someone is actually moving their right hand, let alone
imagining moving it, this has been a challenge so far. The claims made by companies should thus be
taken with a grain of salt. They appear to mostly rely on analyvsis of frequency bands, thus achieving a
kind of neurofeedback system (this is exactly the goal of the Mindball game). Power analysis of EEG data
is not difficult; instead the issue lies in determining if the system is measuring what it claims to measure.

(UMPOBO) The previous sections for this report have laid out the problems that other researchers have
had inusing frequency bands to measure attention and other cognitive processes and the problems that
some users have in actually using the fcedback effectively. A simple system like NeuroSky or Mindball’s
seem plausible, in which change is effected gradually towards one of two options. The stronger claims
made by marketing companies seem somewhat implausible, but marketing research typically approaches
more of an experimental status and thus may have some truth to it. The systems that claim larger numbers
of options, like OCZ and Emotiv, seem the least plausible. OCZ clearly states that they use eve and motor
movements in their algorithms, which make their kevboard mapping claim more likely, although the
number of functions that the system is supposed to allow is unclear. Emotiv is the most mysterious of the
companies; the facial recognition seems very good and the demos are impressive but seem to rely on
muscle movement as opposcd to brain signals per se. It isimportant to note that dcpending on the
requirements, this could be perfectly acceptable. If, however, a BMI needs to determine actual cognitive
states in order to categorize some signal (distinguishing simple boredom from sleepiness, for example, or

selecting one choice out of 10 when eye and muscle movements cannot be made), it is unclear that any
current system is near that capability.

(U/FOH8) The issue of training is also an important one; while some systems claim to work out of the
box, available research indicates that training always increases the effectiveness of the system. Optimal
performance will never occur unless the individual differences in user brain morphology and strategy are
accounted for.
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(U) Acronyms and Abbreviations

ADHD attention-deficit hyperactivity disorder
AMPA alpha-amimon-3-hydroxy-3-methy1- 4-isoxazolepropionic acid
BBB blood-brain barrier
BMI brain-machine interfaces
BSS blind source separation
cAMP cyclic adenosine monophosphate
CNS central nervous system
CuO copper oxide
COTS commcrcial-off-the-shelf
CREB [cAMP] Response element-binding
cRGD cathelicidin resistance gene
CuZn-Fe,0; copper-zine ferrite
DAT dopamine active transporters
DRD4 dopamine receptor D4
dsRNA double-stranded RNA
DTI diffusion tensor imaging
€304, Fe-O; iron xides
EEG electroencephalography
EOG electrooculogram
EROS event-related optical signal
ERP event-related potential
fMRI functional magnetic resonance imaging
fNIRS functional near-infrared spectroscopy
GKT Guilty Knowledge Test
GNP gold nanoplasmonic particles
GSR galvanic skin response
LTP long term potentiation
LVA layered voice analyvsis
MEG magnetoencephalography
MEP motor evoked potential
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OGA

12.

43.

44,

46.

47.

18.

49.

W
w

56.
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