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ABSTRACT

Motor imagery (MI) and action observatiotave proven to be efficacious adjuncts to
traditional physiotherapy, to enhance motor recovery from stroke. RedBrn researchers have used
a combined approach called imagined imitation (ll), where an individual ¥¢hes a motor task
being performed, while simultaneously imagining they are performing the mewment. While
neurofeedback (NFB) has been used extensively whth to improve patientsO ability to modulate
sensorimotor activityand enhance motor recovery, the feasibility of usingFB with 11 is
unknown. This project tested whether healthy controls could modulate sensorimotateralization
during Il- NFB of a unilateral handshake using electroencephalograpband whether this ability
transferred to subsequeri¥ll. Thirty -two subjects, receiving real or sham NFB attended four
sessions where they engaged inNFB training and subsequen¥l. Results showed the NFB group
demonstrated more sensorimotor activity during sessions three aodrf and that thisNFB effect

transferred to subsequdrMl.
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CHAPTER 1 INTRODUCTION

Therapies involving the mental simulation of movements have been drawing
increased attention from researchers in the past ten years. Such therapiee haen shown to
hold utility as adjuncts to use-dependent therapies in stroke rehabilita, or as gateway
therapies for those whose limbs are too impaired to engage in traditiofia., movement-
based) rehabilitation. The two types of mental simulation therapy with thé&rgngest claims
to efficacy are notor imagery (MI)*2 and action observation (ACY. Recently, researchers
have used a combined MI/AO approach: here an individuahtchesa motor task being
performed repetitively, while simultaneously imaginingthey are performing the movement
themselves. This approach of Olmagined ImitationO (Il) has been shown litafaci
corticospinal excitability to a greater degree than either AO or Ml aloé, and to increase
brain activity in several regions critical for motor learning ashperformance over and above
that seen in AO or MI*®13, Another innovation, recently garnering much attention for its
applications in neuro-prosthetics and as a supplement to the use of Ml forlstro
rehabilitation, is neurofeedbackKNFB). And while NFB has been successfully used to allow
users to more efficiently engage the sensorimotor network in M6, this approach has not
yet been applied to II.

To investigate the feasibility of using NFB during lINand to test the trafer of NFB
learning to subsequent MINwe designed, created, and tested an [I-NFB system. Tstem
allowed users to watch first-person videos of a complex handshale] while imagining that

they themselves were executing the handshake, receive real-time feedback reggritia
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quality of their Il. OQualityO in this instance referred to the as thditgitio up-regulate
contralateral sensorimotor actity, and down-regulate ipsilateral sensorimotor activityfd
correlate of the re-balancing of interhemispheric inhibition whib has been associated with
more complete motor recovery from stroké?!®. Feedback was provided in the form of varying
video colorNthe videos startedblack-and-white, and turned to colour on the basis of the
electroencephalography (EEG) data being collected over the subjectsO sansmrcortices.
The [I-NFB system contained titrated difficulty, incentivizing comalateral sensorimotor up-
regulation at easy difficulty levels, and ipsilateral down-regulation khigher difficulty levels.

To measure the efficacy of this system for allowing healthy controlsntmdulate
sensorimotor activity during Il, we compared the pattern of sensorimotoctevity of subjects
receiving genuine NFB, with subjects receivirghamNFB through the same system. Subjects
in both groups attended 4 experimental sessions within a 7-day period. Wediphesized (1)
that subjects receiving genuine NFB would produce more sensorimotor activitgrtrsham
subjects, and that this NFB learning effect would emerge sometime after the& 8ession. To
test the transfer of NFB learning, we had subjects perform MI of the videorfréhe 1I-NFB
training at the end of each experimental day. We hypothesized (2) that anlyBNlearning we
observed during II-NFB sessions 2-4 would transfer to Ml alone.

Our results showed that participants in the NFB group demonstrated incesas
contralateral sensorimotor activation in sessions 3-4 comparedham, both during IINFB
as well as subsequent MI. However, this pattern of NFB learning was not seen for tvend

regulation of ipsilateral sensorimotor activity.
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This partial success demonstrates that 1I-NFB is a feasible designlpbitgsfor those

attempting to integrate feedback into mental simulation therapy.



CHAPTER 2 BACKGROUND AND RATIONALE
2.1 Motivation
2.1.1 The Impact of Stroke

Stroke is the third leading cause of death in Can&ta In Canada alone over 50,000
strokes occur each year, and over 300,000 people live with disability resultingrfrstroke.
The estimated cost of care for stroke survivors in 2009 was $3.6 billion in Carsddae.
Given the forecasted aging of the population in Canada and other developed tt@s#, the
societal challenges posed by stroke will only intensify

Moreover, given that stroke is most likely to occur in the elderly, the press of
travelling to a clinic for treatment, once released from the hospital, Wlecome increasingly
onerous as the population ages. Findings show that rural stroke survivage a depressed
trajectory of functional recovery compared with urban-dwelle?d suggeshg that the
distance a patient has to travel to receive therapy can have measurable ¢tspan their
recovery. The fact that the majority of our clinical efforts take place mhighly-centralized
fashion (i.e., therapists performing rehabilitation in a clinicak#ting) suggests that
innovations to help deliver stroke rehabilitation therapy in a more dentralized manner
would be of great utility.

All this suggests that innovations that make stroke care more ecomah and

decentralized are desperately needed.



2.2The Role d Menta Simulation in Neurorehabilitation from Sroke

Recovery from stroke is due largely to the brainOs ability to Ore-itgel® Rehabilitative
therapies help survivors of stroke regain lost motor abilities by hagithem practice actions
like reaching and grasping. These interventions are called Ouse-depentiengpies, and are
based on principles of motor skill acquisition or learnidg®. Use-dependent therapies
involve the repetitive practice of a skilled motor task, with an emphasis oampletion and
accuracy*. The theory behind use-dependent therapies is that repetitive practice induces
changes in the brain regions responsible for these functions, and thesmngks allow the
individual to regain functional capacity*2 The exact nature and/or sequence of these neural
changes is not precisely defined, and likely differs between individualsdandividual
pathologiesNhowever functionalmotor improvement during stroke rehabilitation is surely
caused by a combination of synaptogenésiseurogenesi, changes in myelinatiof?,
epigenetic changeé4$and/or an increase in the production of growth factg¥s® It is important
to highlight that the utility of use-dependent therapies for motor rehalitation from stroke is
contingent on its abilities to catalyze these neural processes, which in turamfest at the
level of behavior.

While use-dependent therapies are quite effective in helping survivors of stealkegain
motor function®”, there are three impediments limiting their effectivenessirstly,
individuals who have recently experienced a stroke are often easily fatigité4 limiting the
amount of therapy they can receive, and thus hindering their recovery, as tmeaant of

therapy an individual engages in has been shown to correlate with increasszbvery345,
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Seond, the severity of impairment resulting from the stroke precludes many survigdrom
engaging in traditional, use-dependent therapies at*aif. And thirdly , this method of
treatment is very time-consuming and expensive for the health care systameaning many
patients cannot afford as much therapy as they né&d
One way to both extend the amount of use-dependent therapy survivors of sgakceive,

as well as allow more severely impaired individuals to start on the path todtional
recovery, is to use therapies based on motor simulationNwhere the brain area®ived in
movements are targeted, without any physical movement. Two methods of adtihngamotor
areas of the brain, in the absence of movement, have been previously shown toongr
movement outcomes for survivors of stroke. The first is by imagining perhing a
movement, but not actually doing it. This is callethotor imagery (M1). The second is by
repetitively watching videos of people moving the affected limbs. This isledlaction
observation (AO).
2.3Motor Imagery

A wealth of neuroimaging studies have shown that the neural activity presehiring
Ml is similar to that of motor execution (MEY*®® (for a review se®). Furthermore, it has also
been shown that Ml activates descending corticospinal motor pathwayfasured as
increased muscle tone in action-relevant effector muscké%, and induces autonomic nervous
system (ANS) responses comparable to that of #E(for a review se®).

However, while neuroimaging studies of Ml demonstrate neural activation many

areas of the ME network (primary motor cortex® [M1], supplementary motof® [SMA] and
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pre-motor area%’, somatosensory cortex [S1], basal ganglithe parietal lobé° as well as the
cerebellum), the exact area of activation within these regions often difdretween Ml and

ME. Specifically, the area of activation in Ml preferentially involves sulegions responsible
for motor planning’*72 For example, the anterior portion of M1 and the SMA, the head of the
caudate nucleus in the basal ganglia, as well as a more posterior/ventcalridhe cerebellum
are found to have greater activation in Ml relative to ME. In addition, botthe parietal lobe
(involved in initiating shifts in attention required for consciousactionss, visuo-motor
integration,’*7>and neural representation of body par and premotor cortex (critical for
assembling and sequencing motor plah%) show preferential activation for Ml compared to
ME™,

While the evidence noted above suggests Ml is not neurally equivalent to ME, and
does not contain sensory and proprioceptive feedback, it has been showmprove motor
learning 7°#2. One transfer study used TMS to demonstrate the interaction between M| and
ME, which is hypothesized to the reason repeated MI can manifest in changesatével of
behavior. This grouf® demonstrated that physically practicing a finger abduction task,qar
to MI of that same movement, results in greater activity in the brain regis responsible for
hand/finger movement during MI. The researchers quantified motor actiyiby recording
motor evoked potentials (MEPS) resulting from transcranial magreestimulation (TMS) of
the first dorsal interosseous muscle area of the primary motor cortextjMSpecifically,
researchers collected MEPs for subjects both at rest and during MI, pricand after physical

practice. They found that the increase in MEP amplitude from rest to Ml was greaéer,
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compared to before, physical practice. This priming effect, where ME increases tio¢om
activity seen in subsequent MI, suggests that these two systems (ME and MI) domerate
in isolation of each other (i.e., that performing ME affects the properties of sequent Ml),
and has been shown to be bi-directional (MI prior to ME has been shown tcaeatfthe neural
activity®2#and behavioral characteristi€s®” of subsequent ME as well). These findings
provide support for the theory that MI consists of a simulation of the natsysteni®® and
thus represents a valid way to augment movement abilifie%.

Motor imagery has also been shown to be effective as an adjunct therapyrotor
recovery following stroke'3. For example, one recent randomized control trfdin 44 stroke
patients showed that 6 weeks of daily training featuring Ml of walking resatl in greater
functional gains in walking ability (measured via a 10-meter walking teand the Fugl-Meyer
assessment) than a control group who received the equivalent amount of neusslaxation
training in addition to their traditional physiotherapy.

2.4 Action Observation

Action observation refers to the observation of movement. A useful organg principle
for describing the neural activity taking place during AO iabstraction where abstracts used
in a way that combines two of its dictionary meanings: (1) to extraatremove and (2) to
consider something theoretically, (and thus in a sense) constructgggnantic meaning that is
separate from Othe thingO itself. For our purposes, it is useful to considerdbesprof

abstraction on a continuumNsomewhere between simply classifying, pullingtdfeatures



from Oraw dataO (i.e., the first definition), and the creatiomess gructuresout of the
information that has been pulled out from the raw data (i.e., the second defiom).

For example, while brain regions upstream in the AO network (secondary ocap#nd
superior temporal)abstractaccording to the first definition, as information is passed throlg
the AO network, other brain regions take these pieces of information (i.e., eatifeatures of
the visual scene) and connect them in accordance with an individualbsasitic knowledge.

These new structures are what are often casually referred taegral representations

Action observation is supported by a wide range of brain regions: secopdacipital and
superior temporal regions are thought to highlight visually-salieneé&tures of the actions
being observed#°®, parietal and secondary motor cortices (i.e., pre- and supplementary
motor) represent the motor movements most likely being observe®-°* by forward-
modeling a motor plan, they may allow the brain to make inferences abouetmovements
that will be coming next. These regions are thought to provide input to M1, leadin
researchers to speculate that these motor representations and plans or greds are being
used to create a motor simulatiéht?L. Lastly, various regions of the prefrontal cortex (PFC)
have also been shown to be active during A®% perhaps reflecting the need to use AO to
deduce action goals or motivations in order to infer something of @tor-centric theory of

mind.

Furthermore, like M, repetitive AO has been shown to promote plasticity in motand
secondarymotor regions®+1%and bolster motor skill acquisitior#1%.197 Work in Paul



GribbleOs lab has shown that skill acquisition through observatias been shown to require
activity of both M1 and S1 respectively. Their design for demonstratirtys required subjects
to hold a robotic arm by a handle, and move the arm to target areas ia finesence of a force
field that could push the subjectOs arm in any direction as they movedhéotarget. Subjects
first watched a video of a person performing the task with a force field pusfpithe armto the
right. Subjects then engaged in the task, with the force field now (unbeknownst to them)
pushing in the opposite direction. The idea (supported by similar studté@gs that, if

watching the video imparted any motor learning to the individual, chaye in the force fieldOs
direction would decrease the subjectsO accuracy. Specifically, the trajeofdheir reach
would be more curved, and this curvature was taken as a measure of motor legrthirough
action observation. In separate studies, the group used inhibitory TM&nd median nerve
stimulation?®®to show that interfering with M1 and S1 respectively extinguishes motor

learning that occurs via observation.

And lastly, AO has also been shown to improve motor recovery from strdké*°'12 and
to enhance occupational performance following stroké (for a review se&4). For example, a
randomized clinical trial*> of 102 stroke patients found that adding observation of upper-
body action videos to traditional physiotherapy for 4 weeks garneredipatOs greater
functional outcomes (tested with a multitude of measures) versus patients whoeaver
presented with static images in conjunction with physiotherapy. The AO groupasied

functional gains over the control group both immediately followinghte 4-week training, as
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well as at a 4-5 montHollow -up.

2.5Imagined Imitation
2.5.1 A tale of Two Simulations.: Understanding Imagery and the Observation of iaat

Together

It is important to pursue a coherent conceptual framework of [INof how the process
of MI and AO might relate to each other as they are being performed simultansly. This
will help researchers better contextualize their experimental data, and hopefudllow them
to better leverage Il in the development of clinical or commercial learninggutucts. Only
one work!¢ has attempted to delineate the neural underpinnings of Il thus far, and these
authors did not bring the network of brain regions responsible for MI drAO explicitly into
their discussion. What they did is theorize that Il is a mental processtiials somewhere
between purely intentional motor simulation, and completely automatic sesrg resonance.
The authors specifically drew attention to the fact that Ml and AO differ inegards to
temporal structure: with the individual Osetting the paceO of their MI, whereastitming of
AO is dictated by the speed of the observed action. The authors refer to their
conceptualization of Il as the Odual simulation viewO.

The concept of a OsimulationO is a useful one to utilize in attempting toesthea
circle of just what MI and AOareNi.e., how to conceptualize their effects on the central
(CNS) and peripheral nervous system (PNS) in an interrelated manner. The mastba

procedural definition of agmulation is the representation of an operation of a system by that
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of another system. Given this, it is easy to understand MI and AO bothsasul/ationsof ME.
Whereas Ml is the conscious initiation of a ME simulation of the individlsachoosing, AO is
an automatically elicited ME simulation of the action being observed.

Motor execution can be conceptualized as a process initiated by a consoor
unconscious thought regarding a specific end state which involves sonwement of the
body, which then is forward-modeled by the braiti"'18 and carried out by the
interconnected subsystems of the CNS and PNS.

Motor imagery, then, would be a consciously initiated emulation of the MEquess
(here the Ospecific end stateO is simply a desire to carry out the simjatioried out by the
same interconnected systems. ThM/ differs from ME in two fundamental ways Firstly, the
catalyst initiating Ml must be a conscious thought, and the end staterfgeforward-modeled
is simply toreplicatethe experience of movemenwithout actually eliciting movement. And
seaondly, stemming from this first difference, while Ml still requires information processing
by the same set of interconnecting neural systems, the nature of that pracgsdiffers (see
the above discussion of MIOs neural activity compared with ME).

Whereas the sequence in which Ml and ME are carried out are quite similar
(initiation by internal decision making processes, forward-modaly, then simulation [MI] or
execution [ME]), AO differs from this temporal sequence, starting with how & icatalyzed
(by external stimuli vs. internal decision making), and then requirinigoth inverseand
forward modeling in order to simulate ME. While extra-striate and superioemporal activity

(highlighting salient features of the action being observed) represeim tinverse modeling of
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the action being observed, premotor and parietal activity represents the famvenodeling of
this reverse-engineered motor planNi.e., the creation of a OmirroredO vexsfithe action
being observed. And finally, the sensorimotor and prefrontal activiseen in AO is
responsible for the simulation of this motor plan.
2.5.2 Imagined Imitation as Dual Motor Simulation

What is crucial to our discussion of performing Ml and AO simultaneously, is the
theory that the neural regions associated with both types of internal deding that take place
during AO (discussed in the previous section) exert a causal influence over edoarN
posterior regions involved in reverse-engineering the action being ebged both influence
and are influenced by more anterior forward-modeling and simulation regiori®*?%, This is
consistent with JeannerodOs theory of motor cognifivms well as a host of recent data. For
example, the finding that more corticospinal excitability is produced il than AO or Mi
alon€ suggests a synergistic effect of combining MI and AO. Moreover, recent n@ueging
data (using magnetoencephalography [MEGPhas demonstrated that information transfer
(measured as event-related desynchronization (ERD) within the alpha dreda bands) during
AO movesbi-direaionally between posterior and anterior regions of the AO network. This
indicates that inverse- and forward-models in AO, as well as in Il, can betight of as
symbiotic processes, where an ebb and flow of information transfer aléoan improvement
in the quality (i.e., increased neural differentiation) of one model to impreuvhe quality of

the other.
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While clearly an oversimplification (the cerebellum and other subcactl structures
involved in AO are not mentioned here), a brain-based version of the duahslation
model* provides a clear explanation for the findings that regions of the moteetwork are
more active in Il than Ml or AO alone. On the basis of this theoretical modéljs possible
that 1l could provide more utility than either Ml or AO alone for stroke rehabitation.

2.6 Impedmentsto Motor Simulation® Utility for Enhancing Stoke Recovery

As mentioned above, both Ml and AO have proven to be effective ways to improve
rehabilitation following a stroke, both as an adjunct to traditiwal therapy (allowing
recovering patients to increase the dosage of therapy) and as a gatewagkdor those
whose motor impairments are so severe they are unable to engage in tradititimerapies.
Based on recent studies (discussed in the previous section), it is highlpaibte that 1l holds

similar or greater promise to improve rehabilitation for motor impanent in stroke as well.

Despite the fact that motor simulation therapies have proved to be effectidguacts
to facilitate motor recovery following stroke, they have not become act of usual clinical
care alongside use-dependent therapi&s23 While the lack of uptake in routine clinical
practice is no doubt multifactorial, one reason is likely related to thact that these therapies
are dull, solitary activities, where the patient does not receive any immeeideedback on
their performance, or on their progression over time. Because Ml and AO both by
driving changes in the brain, the therapist cannot tell if the patient @oing it optimally, or

doing it at all. Furthermore, given that rehabilitation is a slow procgsthe patient cannot
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immediately tell if doing MI or AO is making a positive impact in their fuational recovery.
Both the nature of the therapies and the lack of feedback can negatively iotgapatientOs
compliance to the therapy, which in-turn reduces the amount of the therapy theyeawilling
to complete.

2.7Neurofeedack

The issues discussed in the previous section suggest that innovations aredeed
order to make motor simulationsO contribution to recovery perceptiblelaasily apparent, as
well as to make motor simulation therapies more engaging. A potential remédyhese two
issues with mental simulation therapies is their integration witNFB. Neurofeedbacks
where an individual is presented with easily-understandable informati@bout an aspect of
their brain activity (e.g., via visual, auditory or haptic feedback), arsked to induce a simple
change to the representation of their brain activity they see, thus reinéomg this new pattern
of neural activity*?4. The decreasing difficulty an individual has in eliciting this chargs NFB
learning.

2.7.1 Neurofeedback Mechanisms

Neurofeedback begins simply by presenting the individual with the systégiving
them sensory access to the aspect of brain function of interest), theavaithg the individual
to Ofind a wayO to move the system to the state explicitly defined as dpfitmaresult is the

creation of a control-theoretic closed feedback l06f7'?” between an individual and their
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brain activity: where the individual creates an association between the nalumodulation
required to elicit the systemOs win-state and the reward of sucéess

Single cell recording work?® and computational modeling of neural network¥® both
suggest that the ability to Ofind the right behaviourO in a closed\beheal feedback loop is
accomplished by distinct changes in the patterns of neural activatihich produce that
behaviour. This has been directly demonstrated in an experiment that usedjmeuron
recording to show that NFB learning of gamma up-regulation in monkeled to increased
spiking synchrony of individual neurons in M13% Moreover, the ability to quickly learn a
new association connected to a reward in this way has been shown to be suppdryeshort-
term synaptic plasticity>133 Such activity-dependent plasticity is thought to be accomplished
via the formation of new dendritic spines®4, as well as axon re-modelifng. Given these
findings, it is not surprising that NFB learning has been shown to induce taskateld changes
in both white and gray matter volume3¢137suggesting these transient changes can lead to
lasting effects on the architecture of various functional neural netws. This finding is
consistent with results showing that NFB learning leads MFB transfeNa change in brain
activity or behaviour observable subsequent to NFB learning, when the widual is no
longer receiving NFB. In humans, NFB transfer has been demonstrated sirthms 1%, two
years®, or evennine years* following NFB learning.

The exact nature of the changes in brain activity that take place in respots NFB
learning in humans will obviously vary based on individual differems and the type of NFB

used. However, several inferences can be made about the nature of these changes iragener
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The first is that the changes in neural activity that result from NFB leang are not restricted
to the discrete region or regions that the NFB signal is taken from. Aftearning to modulate
the activity in a particular region, studies have sho##'43 that NFB learning leads to changes
in the activity of areas functionally connected to the region the NFRysal is taken from.For
example, one functional magnetic resonance imaging (fMRI) NFB sttttlghowed that
subjects who learned to up-regulate activity of the primary visual cortexXVshowed
increased connectivity between V1 and the superior parietal lobe (SPL) duringB\ The
authors then used dynamic casual modeling (informed by prior work orete regionsO
interactions’®) to infer that this increased connectivity was the result of increasesptdown
controlNspecifically, the SPL was causing the up-regulation in V1, and their findiaglso
suggested that this was accompanied by a decrease in bottom-up infoondtiansfer from
V1 to the SPL. Furthermore, the finding that NFB learning on a narrow metrd brain
function (e.g., up-regulation of one region) can lead to change in the belwa\of larger
functional neural networks is the basis of NFBOs clinical utifity:+4

While the pattern of neural adaption that takes place in response to NFB undeuwly
changes with the type of NFB employed, one brain region that appears to beaaitior all
NFB learning is the basal ganglia. Using intracellular recordaigp rats, it has been shown
that cortico-striatal plasticity is necessary for NFB learnirig take placé*, as knockout rats
lacking N-methl-D-aspartate receptors (required for long term potentian at the striatum)
showed no NFB learning. Another studsf found that NFB learners (compared to non-

learners) showed increased activity in the basal ganglia as well amuarareas of the motor

%



network. It is possible that dopaminergic neurons innervating M1 from theabal ganglig’
could be crucial for NFB learning to take place.

Another brain region likely important for NFB learning is the cingudte cortex. The
cingulate cortex is important for self-monitoring (i.e., error detectig and reward processing,
and up-regulation of the cingulate cortex has been shown to predict NFBriag 4.
Moreover, greater volume and white matter concentration surrounding the dacingulate
cortex has been found in NFB learners compared with non-leariéisAnd lastly, it has been
shown that, compared to subjects receiving sham NFB, NFB subjects shoreased
connectivity in the dorsal anterior cingulate cortex, both during ah30 minutes following
NFB training*°. Given that the different areas of the cingulate have been shown to support
different functions'®}, it is difficult to draw any specific conclusions about the cingulate
corticesO contribution to NFB learningNhowever, given its close amaical connections to
the basal gangli&**53it is likely that the basal ganglia-cingulate circuit is importarfor NFB
learning.

Lastly, various types of NFB learning have also been associated witfeased PFC
activity 154156 and white matter density in the fronto-occipital fasciclé® has been associated
with NFB learning aptitude. Moreover, human lesion studies have shown that®P&amage
extinguishes the ability for NFB learninty’, suggesting the PFC cortex plays a critical role in

NFB learning.
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2.7.2 Advantages of Neurofeedback for Mental Practice

The core advantage of delivering motor simulation therapies alomigsa closed-loop
NFB system, as opposed to in isolation, is of course feedback. Feedbaekeit-established
means of improvingthe ability to learn a wide variety of skill$°¢16% and NFB systems in
particular are able to seamlessly combine negative feedback (i.e., the ernoecton that
takes place in real time as the individual attempts to alter their braintiatty) and positive
feedback (i.e., highlighting the individuals progress through the use ofriaircing stimuli).
The combination of positive and negative feedback is highly advargags for the promotion
of motor learning, as it has been shown that negative feedback enhancesguhoraté¢3and
skill motor learning®*, while positive feedback has been shown to improve retention skills
gained through motor learningf*163

While various types of feedback are clearly beneficial in promoting leang, the
increase in interactivity inherent in the provision of feedbackNin andf itselfNhas been
shown to result in increased learner persisteri€dss Hence, another major advantage of
using NFB for motor rehabilitation is the element of structure and intaction it brings to a
task that may otherwise become boring easily. Given that the mechanisnaction for Mi
and AO both crucially requirerepeftivetask performance®, this aspect is far from trivial.
Moreover, when compared to mental practice without feedback, NFB of a motaskdnas
been shown to increase attentidf? as well as activation of the motor corté®. Tethering the
user to the task via NFB endows an otherwise unregulated task with a sense a¢a@ment,

as the individual receives immediate positive feedback about their perforro@t’*172 The
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NFB system can also be made flexible and adaptive, by designing systems wheifficulty
is modulated by the performance of the user. By titrating the feedback theindual receives
to their performance in real time, a NFB system can provide constant ¢&éade to users of
any ability5173

Another advantage to integrating NFB into these rehabilitative thgrs is the
increased precision it affords an individual to modulate their neurattavity. Given that these
therapies are predicated on causing physiological changes in the braiaugh the repetitive
activation of specific neural networks, increasing the specificity witlvhich we are ableto
intervene in changing a patientOs pattern of functional brain activa could surely improve
the efficacy of these therapies. Moreover, given that NFB control at the legébkingle
neurons has been shown in micé*, and the wide variety of NFB techniques that individuals
have been shown to be capable of learnifigit is really only our theory (about what neural
modulations are desirable for what goal) and our neuroimaging harde/énat limit the
potential specificity of NFB. By delineating the neural changes that acan individuals with
stroke who recover well, as well as those who recover poorly, in theory we could imypgo
the efficacy of our therapeutic interventions through the use of increaslggomplex NFB
metrics.
2.8 Neurofeedback and Motor Imagery

Given that both MI and AO contribute to motor recovery following stroke ¥
modulating brain activity, NFB could potentially allow individuds to directly observe the

progress they are making in rehabilitating their brain. This couldl@aw patients to track their
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progress over time, so that they can demonstrate compliance for theinicians and family
members. Neurofeedback could potentially even make these therapies fun, intevacti
experiences that patients are willing to pour many hours into.

Indeed, many researchers have combined MI with neurofeedb&cék!’¢177 In these
studies feedback is based on a correlate of neural activity provided ®itidividual in real-
time, or at a short delay, creating an interactive digital system akaa video game (with the
individualOs brain replacing the typical OcontrollerQ). Furtheemtor date several studies have
demonstrated the ability of NFB-MI systems to modulate neural actiwin the motor
systen’?”31, The hypothesis underlying these tests on healthy controls, is that if N&§&tems
can be designed to allow individuals to modulate brain activity dugrMl (which has, on ts
own, been proven efficacious as a therapeutic adjurigtin a manner that previous literature
has shown to correlate with motor recovery from stroke, the effectivenedawl therapy will
be enhanced. An example using this approach comes from our labOs previous*welnich
showed that healthy controls were able to learn to lateralize sensorimoactivity using MEG
NFB. The specific rationale for this NFB metric is the presence of maladapt
interhemispheric inhibition (mIHI) in the brain following a stroke. miHI refers to a situation
where patientsO contra-lesional motor cortex shows increased agtiMitring motor
execution, a pattern of activity linked to complete functional recovery?17818, Moreover, it

has been shown that stroke patients who show less mIHI attain greater funazdilboutcomeg”
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The underlying premise of this work, again, is that if healthy controlsenble to
produce more sensorimotor activation in one cortex, and less in anottarring Ml, a stroke
patient could do the same, and this would lead to an enhancement of their fumcal
recovery. And while this field is still in its infancy, the results of sevdreecent studies
suggest that the underlying premise is not erroneous. For example, one study udsimgfional
near-infrared spectroscopy (fNIRS) demonstrated that the additionips$ilesional premotor
NFB to MI enhanced the functional motor recovery of stroke patients compd with sham
feedback®4, while another found that a group of stroke patients receiving NFB during Ml
showed a greater motor recovery compared to a control group that used MI withoUE B,
Moreover, a decrease in alpha and beta ERD (a proxy for sensorimottivigctés189) over the
ipsilesional motor cortex during Ml predicted an increase in functionatotor recovery.
While a third study found that a patient group receiving NFB (specificgltraining to
decrease power in the alpha band over the ipsilesional motor cortex) while parfimg Ml of
movements congruent with a hand prostheses showed enhanced motor recovemypared
with a patient group who were not provided with NFB®.
2.9Modulating Motor Cartex Activity in Sroke Recovery

Neurofeedback of course offers more than just the opportunity to make these alpézs
engaging and user-friendly. As alluded to in the previous section, NFB chovaindividuals
to systematicallydrive changes in their brain in a manner specified by the NFB metrics lgin

used. To fully harness this potential, it is important to understand whdtanges in brain
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activity the literature indicates lead to good outcomes, as well as whategras of brain
activity are indicative of an incomplete or poor recovery.

As mentioned in the previous section, researchers have highlighted the impore of
mIHI in preventing the synaptogenesis required to restore the ipsi-lesional mohetwork
(see Figure 1). Specifically, contra-lesional motor activity during uateral movement of the
affected limb, and a corresponding IHI of ipsi-lesional sensorimotoeas has been shown to
be associated with worse motor outcomé&é18, A reduction in GABA-A receptors, both in
the tissue surrounding the lesion, as well as in the contra-lesional hemisgghis thought to
be the mechanism initiating this imbalanc#&®1°t Starting in the sub-acute phase of recovery,
this widespread disinhibition causes increased levels of plasticityoss the braint21% The
cumulative result of these events is often maladaptive plasticityNthe coattesional
hemisphere taking over motor functions, inhibiting the ipsi-leisondiemisphere and thereby

preventing the restoration of the damaged neural networks.
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Figure 1

Illustration of how maladaptive IHI can be rebalanced in a post-stroke motor
network in two steps: first (A) the unaffected hemisphere decreases its
compensatory activity, then (B) the affected hemisphere, free of excessive IHI,
increases its activity'®.

Several recent studies have shown that rebalancing IHI, by encouraging ipsi-lesional

inhibition of the contra-lesional hemisphere’s sensorimotor cortex, allows individuals to

recover their motor function from stroke more fully than in those for whom this maladaptive

plasticity still exists 171°. Several TMS studies have demonstrated that inhibiting the contra-

lesional sensorimotor cortex during unilateral movement of a paretic arm leads to greater

ipsi-lesional sensorimotor activity and better motor recovery *#1. However, the use of

inhibitory TMS has also been shown to reduce recovery efficacy in some cases 1*¢1%7. This may

be because the ipsi-lesional hemisphere needs to be capable of reasserting its dominant
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neural-processing role in contralateral movement; and thus when the catesional
sensorimotor hemisphere is inhibited in this scenario, maladaptive gilaity takes place. One
way to circumvent this problem may be training individuals to correchaladaptive
hemispheric imbalance via NFB, rather than through the use of inhibifomT MS.

In support for the possibility of using NFB to rebalance IHI, NFB based on s@ssion
of the alpha rhythm has been shown to disinhibit intracortical inbition (as measured via
TMS) both immediately after as well as 20 minutes following NPB Furthermore, the ability
to rebalance IHI in the visual cortex (using fMRI NFB) has also been demoatst!*°. Lastly,
studies using NFB of MI have demonstrated that individuals can learrdteralize neural
activity in the motor system using this techniquié?s.

2.9.1 The Usef Difficult y Titration in Neurofeedback

While choosing the right metric of brain activity to feed back to tt NFB-user is crucial
for any NFB to have its intended effect, another important, interrelateslsue, is the way the
NFB systenis designed. One topic that has been discussed in the NFB literature is the use of
difficulty titration, to ensure that NFB learning takes place.

As discussed in section 2.7, the provision of NFB has been shown to enhanceifunadt
motor recovery from stroké?s200.201 However, in some of these studies NFB learning (i.e., the
ability to modulate brain activity in real-time in response to NFB)id not actually take place,
as subjects in the NFB group did not show significantly better contadlmotor activity
during NFB training compared to sham. One gro#phas speculated that the reason these

patients in the NFB group showed enhanced functional outcomes was that pinocess of
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interacting with the NFB system primed the patients brain more effectivellgan those
engaging in a sham or randomized feedback interaction. These authloes tconcludethat
the therapy these patients engaged in subsequent to the failed NFB trainiag &n enhanced
effect on their functional recovery (relative to those who engaged in sh&&B), despite the
factthey did not demonstrate an enhanced ability to modulate brain agtwduring the
actualNFB training. This view, held by others as wétF, posits that in order to increase the
effectiveness of NFB for stroke rehabilitation beyond a priming effebtFB must allow
patients true operant control of their brain activity, and that the bestay to ensure this takes
place is to resist the urge to adapt the NFB metric to the idiosyncrasiesawth individuals
brain activity, but rather to use a fixed NFB metric, and to titrate theféiculty carefully to
the abilities of the individual, in keeping with the best practices of codivie load theory®4 In
the context of designing a NFB system to enhance the efficacy of mentalkation therapy,
having explicitly defined NFB metrics is the optimal design choicayegn that the outcomes
(i.e., the modulations of functional neural activity to be incentivizedybthe system, to bring
about the goal of behavioral change) can be based on previous liter&ttoeexample those
discussed in section 2.9. Moreover, this perspective has also been supported by d recen
Bayesian simulation studi®, that found that an adaptive difficulty increased the ability of
NFB to produce reinforcement learning (i.e., operant conditioning).
2.10Resach Rationale

In the past ten years, Ml coupled with neurofeedback has intensified the research

communityOs interest in MI. This is undoubtedly driven by the fact that wawe just entered
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the era of affordable, mobile EEG systemsNmeaning any breakthrough integareated for
MI has the potential to be far more accessible and user-friendly than dngiy we could have
imagined previously?°¢2°7 Given the nascent though self-evident utility of combining Ml and
AO (as discussed in thénagined Imitation section), it seems only a matter of time before this
combined modality is designed in ways that incorporate neurofeedbackisliype of brain-
computer-interface (BCI) would also circumvent a limitation of current Mneurofeedback
systems: the fact that imagery is best accomplished with the eyes closeitislidesigners,
making the delivery of visual, reaklime visual feedback suboptimal. Making édvantageaus
to perform imagery with the eyes open, by combining Ml and AO, opens up many
possibilities with respect to interface design.

In addition, as we learn more about the specific functional perturbationstbe
sensorimotor network following stroke, increasingly complex metries neural activity can
be integrated into NFB systems for stroke recovery. For example, postketfdFB for upper
limb rehabilitation has traditionally used some measure of contédral motor activity during
a unilateral movement, with Omore activityO taken to represent better neurieed
performance. The use of this metric is supported by a wealth of research showing an
association between ipsilesional motor activity during paretic lintahovement and motor
recovery8208

Given NFBOs well documented ability to alter inhibition-excitatioroapling of brain
networks?®®, and the finding that healthy controls utilizing MI-NFB systemsra able to

lateralize sensorimotor activity, it would be interesting to test whether an II-NFB system
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could allow individuals to simultaneously up-regulate one hemisphereOsmanstor
activity, while disinhibiting the ipsilesional hemisphereOs sensouoitor activity. However,
before this type of NFB system could lm®mpared with MI-NFB systems, and potentially
integrated into a clinical rehabilitation setting, a study on hedly controls is required.

Moreover, previous studies have shown that MI-NFB learning transfers tbsequent
MI 20211 3 finding of great clinical interest given that this means that theaisf NFB with
mental simulation could facilitate more effective mental simulatiolater on, when NFB is not
being used. For this reason, the present study is interested in determiningnyf BFB learning
that takes place using an II-NFB system to lateralize sensorimotonagt shows a transfer in
this ability to subsequent MI.

Given the above discussion, the present study seeks to determine the utilitldBB in

II. This research will be the first to attempt to demonstrate that closed-lodlFB can be used
to augment a userOs engagement of the sensorimotor network during Il. It is ¢agéleat
this study will expand our idea of what types of NFB designs and metrics feasibly be
integrated into BCl-based stroke rehabilitation, and contribute thé overarching goal of

proliferating safe, effective home treatments for the motor impairmentawsed by stroke.



CHAPTER 3 OBECTIVES AND HYPOTHESES
3.10bjedives
The objectives of the present work are to:

1! Determine if NFB can be used to up-regulate contralateral sensorimotcinaty and
down-regulate ipsilateral brain activity during Il. Lateralization hex refers
specifically to the process of (1a) up-regulating contralateral semsator activation
and (1b) down-regulating ipsilateral sensorimotor activation.

2! Determine if the effects on sensorimotor activity seen in NFB (i.e., objeetl)
transfer to subsequent M.

3.2Hypothess

1. We hypothesize (1) that subjects receiving EEG-based NFB during Il of a unikdter

motor task will show greater alpha (7.5-14.5 Hz) event-related desynchrormiaa

(ERD; a proxy for sensorimotor activi#f®189) in the contralateral hemisphere, and
more alpha event-related synchronization (ERS; a proxy for sensorimatwctivity 8¢
189) during Il than those in the Sham group. Specifically, we expect to see a group by
session effect; given previous findings¢22 we expect that NFB learning will require
>1 session.

2.! We also hypothesizehat individuals who recaved genuine NFB will show these same

effects on sensorimotor activity compared to those in the sham growpidg a block

of MI occurring subsequent to the IINFB session.



CHAPTER 4 METHODS
4.1Suljeds
Thirty-two right-handed 213, non-disabled adults (10 males; 23.73.4 years) agreed to

participate. This age-range is based on research showing age-relateagesan motor
processing and brain structure between young and older and middle-aged tadifl>>
Subjects were recruited via woraf-mouth, posters and online advertising. All subjects had
normal or correctedto-normal vision, were free of neurological and movement disorders and
each provided written, informed consent. Subjects were assigned to either the B 17)
or sham feedbackr{= 15) group based on a pre-determined recruiting schedwensure that
each member of the sham feedback group would have a uniqgue member of the neurofekdbac
group to be yoked to (yoking is described in detail below). Subjects attended MFB
training sessions within 7 days, with all sessions taking place at agpnately the same time
of the day. Other researchers, using a single session design, have seernfeargreffect of
neurofeedback on their metric of interest using group sizes of 5¥1°8. The study was
conducted with approval from the Research Ethics Board at the IWK Health Centr
4.2Quegionnaires
4.2.2 Edinburgh Handedness Inventory

The Edinburgh Handedness Invento?i# was used to assess the dominance of a personOs

right or left hand in daily activities*3,



4.2.2 The Kinesthetic and Visual Imagery Questionnaire (KVIQ)

The KVIQ is an adapted MI questionnaire intended for individuals who may need
guidance in rating their imagery and who cannot perform complex movemetit. The KVIQ
is used to assess the vividness of both the visual and kinesthetic diroaaf MI. Within the
visual dimension, a self-report rating of 5 indicates the individual agines the movement as
clear as seeing, while a score of 1 is reflective of seeing no image at all; witierkinesthetic
dimension, a participant rating of 5 indicates the Ml is as intense asiatly executing the
movement, where a score of 1 is representative of feeling no sensétioimportantly,
application of the KVIQ has shown reliability in both non-disabled cedrols and stroke
patient$'”. In the present study, the KVIQ was used primarily to ensure that no subjects
demonstrateda drastically low ability to perform MI.

4.3Eledroencepha ography

Electroencephalography is the detection of electrical activity alotige scalp produced
by the discharge of neurons within the brain. The resultant EEG signal is the suation of
the synchronous activity of the neurons that have a similar spatiailemtation relative to a

given scalp electrode location.

The EEG signal was detected using a QuikCap (Compumedics Neuroscan, Charlotte,
NC) attached to a Synamps RT system (Compumedics Neuroscan, Charlotte, NC). The
QuikCapis an electrode placement system manufactured of highly elastic, breakbalycra
material that houses the electrodes used to detect the EEG signal. The electrodssstof
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soft, neoprene reservoirs that house the electrode itself. The reservoirs amdfivith gel to
conduct the signal from the scalp to the electrode, as the electrode does ciniadly contact
the participantOs scalp. QuikCam® cleaned following each use, and a number of sizes are
available to ensure a comfortable fit. At the onset of the experiment, the QuikGa placed

on the individualOs head and the gel reservoirs are filled with the electrgel. To accomplish
this, large gauge, disposable, blunt needles are used. The needle is inserted inte amthe
outside of the cap and placed gently against the scalp. The needle head is theradriow
circular motion to move the hair under the electrode out of the way and td@l for the
electrode gel to be injected, a process continued as the needle is removed fromdlee Fhis

process is then repeated at each of the electrode sites.

Electroencephalography data was acquired at a sampling rate of 1000 Hz witinab
pass of DC-333 Hz. The ground electrode on the 128-channel QuikCap was used as a ground.
Impedances for all electrodes was maintained at <15 throughout the experiment. Eight
electrode sites on the cap were used in the present study: ground, reference, bilaterstiamla
electrodes (to provide re-referencing of the signal) as well as electrodes C3, @R3 (
sensorimotor input) and C4, CP4 (right sensorimotor input). The selection loése four
sensors is informed by multiple EEG studies of motor execution and imagé&ti¢* (see Figure
2 for illustration). In addition, a study conducted at our lab (McWhiney, unpublished data)
was also used to inform the addition of CP3 and CP4 to the array. In this gtpdrticipants

received bilateral median nerve stimulation, and the amplitude change dfsansors was used









** indicates a junction at which subjects were permitted to take as much time as
they liked to prepare for the following block(s)

4.5.1 Imagined Imitation Neurofeedback Training

Each Il session consisted of three training blocks broken up by two restckk Each of
the three training blocks consisted of ten sets of a task block, where thiejasct engaged in
the 1l task, followed by a rest block, where the subject could take as much time a&yth
wanted to rest and assess the metrics of their performance up till that poifttis design, with
frequent rest periods, has been shown to both minimize fatigue and maximizetgmining
synchronization measures associated with better behavioural tramsf225

Each 1l block consisted of 50s of I, followed by a 10s rest block, where the subjectOs

performance (i.e., the difficulty levels achieved) during that dayOs sess@mplotted. The II
session required the subject to watch a video depicting a complex handsha¥kolving the
right arm, while imagining they were performing the handshake themselves.i$thandshake
used the right hand only, was filmed from the first person perspective by the expenter
and had 6 major components (a traditional handshake grip, an altéwehandshake grip,
wiggling of the fingers, slapping of both sides of the hands, bumping stdivertically, and
bumping of fists straight on; see figure 4 for depiction). The handshake wasselm because of
its visual interest, and because it is a movement that would seem plausibldl subjects, but
that no subject had done before. The video used the first person perspective, given t

findings that imagery from this perspective induces more motor-netwodctivity?26227 and






given the findings that visual feedback is preferable to auditory feedkg*3 that feedback
providing immediate, incremental information about performance is super to binary 234 or
delayed feedback®.

At the end of each task block, if their performance was above or below the thralsh
to change difficulty level a happy or sad sound (respectively; these sounds werentflom a
popular video game) playéeef, indicating they had gone up or down a difficulty level. The
sounds were selected for their positive or negative valences, as it has been stimtnising
moderately affective stimuli can enhance NFB learnitig

Total time for the Il NFB session was 30 minutes plus the time taken in the two rests
between Il blocks. This is in line with other neurofeedback studies, which geneyalise
session lengths between 30-60 minut&g09.238.239

Finally, while half of the participants received genuine neurofeedback (asatdsed
above), the other half received sham feedback. Participants in the siafeedback group
were presented with the exact same changes in video colour gradient as anotheticpzant
in the neurofeedback group produced during their Il sessions. By OyokingO fslealivack
with neurofeedback participants in this manner it was possible to equate thiesli each
group was exposed to while keeping the attention level of each group equal.
4.5.2 Motor Imagery Task

Following Il feedback training, subjects completed a block of kinestheMI. Subjects
were instructed (via on-screen prompts, which they were given as much time as needed t

read) to sit with their eyes closed, and that when they hear a voice say (he@should
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begin imagining the handshake they practiced imagining in the NFB feedback training (at
the same pacasit was presented during the 1I-NFB training), and that when they hear a
voice say OrestO, they should cease the imagery, and rest with their eyes ctaged u
instructed to engage in imagery again. Each participant completed 10, 25cksl@f imagery,
for a total time of ~6 minutes.
4.5.3 Experimental Blinding

Given the requirements of the experimental set up, the experimenter was not blinded.
However, to control for experimenter effecés'?42 a structured script was created (Appendix
2) to make sure all experimenters responded in a similar manner to questiosibthe
experiment from subjects in either group. The use of an instructional video téorm the
subject about the expectations of the study and the performance of the || NFBesysfurther
helped ensure that all subjectsO interactions with the experimenter were idehtMareover,
the experimentersO script did not include any specific advice (e.g., differeategjies) for
how subjects might optimize NFB performance, as it has been shown that NFBhlag is not
enhanced by the specification of specific strategtés

4.60nline Rrocesing and Cdculation of Neurofeedback Metric

Acquisition of the EEG and EMG data was performed in Curry 7 (Compumedics
Neuroscan, Charlotte, NC). The following procedures were applied online to the contns
EEG data: high- and low-pass filters at 1 and 100 Hz respectively; a notch fate80 Hz;

baseline correction (using the first 3s of data acquired); artifactweton via principal



component analysis (PCA) as implemented in Curry 7, using a thresholtl 860mV at both
vertical and horizontal occular electrodes to identify eye blinks dnmovements, attenuating
the first component within a window of -200ms to 500ms relative to the peak of thetdcted

artifact.

Following preprocessing, 500 ms data segments were passed from Curry to MATLAB
(MATLAB 8.03, The MathWorks Inc., Natick, MA, 2014) for analysis using a custom script.
The custom MATLAB script continuously estimated the magnitude of power chasgn the
alpha frequency band for the most recent 500ms data segment passed to MATLAB from
Curry 7. Power change in the alpha frequency band (measured via a fast Fourarstiorm)
was compared to the alpha power during a 15s block obtained immediately mpiocthe first
II- NFB block. During this 15s block the subject silently counted backwards from 100 by 3s,
while staring at a fixation cross and keeping their arms as relaxed asitde. A single, fixed
baseline (i.e., the 15s block) was required in order to titrate the difficulty the NFB system.
A log2 function was applied to the alpha power during II-NFB divided by the baseipower,
producing a negative integer for all ERD segments, and a positive integeafbERS
segments. A running average of the most recent 6 data segments (i.e., 3s ihwea used as
the metric of current alpha power relative to baseline. A running average of the poais 3s
of alpha power change was used in order to present the modulation of alpha power in a
comprehensible way to the subject, as presenting real-time changes can become

incomprehensible to the subject given the speed at which these changes can occur



In order to incentivize contralateral ERD and ipsilateral ERS during theilateral
right-handed task (described in section 4.5.1), log2 values from both the left agttr
hemisphere (obtained by averaging the alpha power between the two sensors, theititig
this value by the baseline power) were multiplied by -1 (rendering positive values ERD,
and negative for ERS), and these two values then had a weighting applied (sem\ioky
section) depending on the difficulty level of the current NFB trial. The resuif integers,
representing each hemisphereOs contribution to the NFB metric, were then summnesdilting
in a singularNFB Scorewith higher values representing more sensorimotor lateralization

towards the contralateral hemisphere.

4.6.1 Imagined Imitation Neurofeedback System

The [I-NFB system consisted of Presentation” (Version 16.05.08yw.neurobs.comn)

code designed to repetitively loop the video of the complex handshake. The cofogach
frame depended on a value (Video Score) passed from MATLAB to Presentation every 500ms
The Video Score ranged from 1-6, corresponding to a range from blackl-white to full

color saturation (Figure h









decreased (average color-level <2), or stayed the same (average color-lelelle
calculation of the NFB meic also varied based on the difficulty level. At low difficulty-levels
(1-4) the ipsilateral hemisphereOs [I-NFB metric was not factored into th&lFB value,
however the threshold values determining the video color-level increased. @ersely, at
each medium difficulty-level (5-14) the ipsilateral hemisphereOs 1I-NFB metsias factored
in 10% more. At high difficulty-levels (>14) ipsilateral and contralaterd-NFB metrics
contributed equally to the final II-NFB metric, with the thresholds determming the changes
in color-level increasing with each difficulty level.

During each rest period, a line graph depicting the Difficulty Level achievég the
subject throughout the dayOs NFB blocks was presented (Figure 7). In cdiganeith the
presentation of the line graph, a happy or sad sound played if the difficukyél moved up or
down respectively. Upon completion of each II-NFB session, a screen appeareckihgrhe
subject for their effort, and stating the average difficulty level they lieved.

In addition to the above, the MATLAB script calculated the Difficulty Levehe sham
subjects would be on if their brain activity were in the NFB condition. Theifficulty Levels
the sham subjects would have achieved throughout the entire session were savél topon
completion of the experimental day. Video score and corresponding cdkwel for each

video frame was saved to file to enable the provision of sham NFB.






color-levels and difficulty-levels experienced by the sham subjects during théisessions
were identical to those of the NFB subject they were yoked to. This was achiewed b
recording the Video Score and Difficulty Level values for the entirety ofétNFB groupOs
sessions as text files, then having the MATLAB code reference these text files when

communicating with Presentation.

4. 7Data Anayss

4.7.1 Offline Preprocessing

Given that online preprocessing procedures in Curry7 do not alter the raw dake?f4,
pre-processing procedures were conducted offline in Curry 7. A high-pass filte0d& Hz,a
notch filter at 60 Hz, and baseline correction (using the first 3s of datcquired) were applied
to all continuous data files. A PCA was also performed, using a thresholtd 200mV at both
vertical and horizontal ocular electrodes to identify eye blinks drmovements, with the first
componentin the time window -200 - 500ms relative to the peak of the artifact being

removed.

Pre-processed continuous EEG data were then epoched using event markers piaced
the continuous data file by the II-NFB Presentation script (with unique evemarkers
identifying the beginning and end of each blogkFor each session, there were 30, 50s epochs
of II-NFB, and 30, 10s epochs of rest; and for the MI condition there were 10, 25s epochs of

MI, and 10, 8s epochs of rest. All epochs from the NFB and MI task were concagshato
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two continuous data files, and these new files (one for each task, for eachmsedsr each
subject) were exported to MATLAB for subsequent analysis. Consistent with the ol
approach described above, EMG from both real and sham NFB groups were evalimtéue
presence of EMG activity in the right arm. Specifically, data from [I-NFBdaks where the
EMG signal from the flexor and extensor musculature of the right arm was >2 &infthe

baseline period were discarded from subsequent analysis.

4.7.2 Preparation for Statistical Analysis

Both alpha (7.5-14.5) and beta (15-30 Hz) power from all continuous EEG daten
all remaining II-NFB trials were calculated. The power in these bands was caltadgusing a
fast Fourier transform)in 750 ms segments, and the power at each segment was diviged
the mean baseline power in their respective frequency band (i.e., the mean power durirgg th
15s that preceded II-NFB). The ERD/ERS values from each 750 ms segment were
concatenated with the following independent variables: subject, group (i.e.,BN&r sham),
task (i.e., NFB vs. MI), experimental session, trial, difficulty level, time (mkgmisphere,
sensor (i.e., C3, C4, CP3, CP4), frequency band (i.e., alpha and beta), session start time,
session schedule (i.e., the spacing of the four experimental sessions, within @d@mum
one-week they are conducted), sex, age, handedness, (i.e., Edinburgh Handedness Inyentor
score),andimagery ability (i.e., KVIQ scores for visual and kinesthetic imagery thdes

respectively). The resulting matrix was then exported to rstudtdfor analysis.
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4.7.3 Conditional Inference Random Forest Modeling

We used conditional inference random forest modelif§2*’ (CForest) to investigate
the differences in motor activity between the NFB and sham groups. CForesttiscursive
machine learning algorithm, well-suited to modeling data with a nonermal
distribution?4824% This method is advantageous for the study of longitudinal NFB datagegi
the variability in the types of effects found in the NFB literature. CForegl) randomly selects
a subset of a full data set (bootstrap aggregatiorbagging*”2+°2%y, (2) randomly selects a
subset of independent variables (the number of which is chosen ahead of tj@sting (using
a permutation testing methoéf?) each to detect an omnibus relationship with the dependent
variable?*. The variable whose omnibus test renders the smallest p-value is then testebden t
same way at every possible split-point of the independent variable, and theadatpartitioned
again at the split point that renders the smallest p-value. This results in ta@w subsets of
data, that are each tested using the same number of randomly selected Jasa the same
manner. The process continues until the Obest split pointO of a variable eeagevalue <0.05
(Bonferroni corrected for multiple comparisons). The conclusion of thprocess produces a
single decision tree, and after a pre-selected number of trees have been grown,ahey
averaged>>2resulting in a single predictive model which can be explored using A priori

hypotheses about the relationship between the independent and dependent variable.

The CForest method is a uniquely efficacious solution to the bias/vadarradeoffN
the desire to avoid false-negatives (i.e., type Il errors) while endeavoringhas over fit the
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model (and thus commit type | error). Crucially, the elements of randomizat (bagging and
variable pre-selection) included in the CForest algorithm led to the ctiem of decision trees
that are sufficiently de-correlated that the classifier will in@ase in accuracy monotonically
as (A) more trees are grown an®) a large number of independent variableseincluded in
the model, reducing the potential for overfitting+2%% The fact that a unique, randortraining
set is being created with each iteration of tHeaggingprocedure means that each decision
tree utilizesarandom, unique training set. The result of this is that the entirety of e®s
dataset can be used provided to the CForest algorithm, without a fear of oiterd by
Oinformation blee&®?s¢ Furthermore, given that the CForest algorithm randomly selects
which independent variable to test at each node of each decision tree, adangmber
independent variables can be included in the model, without a fear of oveifiiNas long as

(A) the final model is exploreda priori, and (B) the number of trees grown is sufficient.

4.7.4 CForest Analysis

In keeping with best practice$$” 2,500 CForest decision trees were grof®fiusing
bags (i.e., initial partitions) encompassing 23.3% of the entire dataset, tasting each node
with 1 randomly selected independent variable. The dependent variable in the model will be
event-related power with respect to baseline. The independent variables were all subject

specific variables listed in section 4.7.3.

Because of its recursive partitioning nature, CForest is highly sensitivestnall effects,



however such algorithms have a tendency to ovétNi.e., to model noise as well as reliable,
systemic effects present in the data. The use of the bagging procedure describetbpsy
attenuates the effect of noise on the final model, while also attenuatingadam effect3*. For
these reasons it is advantageous to include as many independent variablgsssible in the

model, then to explore this model in an a priori manner.



CHAPTERS RESU.TS

5.1Subeds

As indicated previously, the NFB and Sham groups consisted of 17 and 15 subjects
respectively. Two subjects in the NFB group only completed 2 of the 4 sessions, howéeer t
data from these two sessions was included in the final analysis. The viandlkinesthetic
sub-scores on the KVIQ were within a normal rang€ for both groups (NFB: 19.29"#%6&
for visual, and 19.88"$ (% for kinesthetic; Sham: 20.58"$ )# for visual, and 20.8"$ **
for kinesthetic).

5.2EMG Rejedion

In total 31.9% of the [INNFB blocks in the NFB group, and 36.9% of the 1I-NFB blocks
in the sham group were discarded due to excess EMG activity in the right fleand extensor
muscles of the digits.

5.3 Neurofeedack Results
5.3.1 Contralateral Hemisphere

To investigate our hypothesis that subjects in the NFB group will producensmo
contralateral sensorimotor activity than the sham group in the II{RB task, thesignificant
partitions of the data, as defined by the CForest procedure, were explored in otder
determine the effect of group (NFB vs. Sham) and session (1-4) on the &gwfithe

contralateral (left) alpha ERD/$ata.

































addition, in the ipsilateral hemisphere, we see the same null results found when exptpthe
CForest results for the alpha band.

Moreover, the transfer of NFB learning to subsequent Ml seen in the alpha baasl (
discussed in section 4.4.1) was observed in the beta band as well. NFB subjewtsdless
contralateral ERD in sessions 1-2 compared with sham subjects, with tread reversing in
sessions 3-4. And finally, the null findings in the ipsilateral hemispheragdussed in section

4.4.2) were also replicated in the beta band.

*O



CHAPTER 6 DISCUSSION

The present work sought to determine the feasibility of providing NFB durintiN
specifically, to test subjects@ility to modulate sensorimotor cortex activity during the
performance of Il. Our results show that subjects receiving real NFB during Il werdesatio
learn to up-regulate contralateral sensorimotor cortex activity togreater degree than
subjects receiving sham NFB, and that this effect occurred over several exyggrtal sessions.
Moreover, this study showed that the learning that took place during 1I-NBHn the NFB
group generalized to performance of a subsequent block of MI. Specifically, wenkesl a
group by session effect, with increased contralateral sensorimotortepmactivity during
subsequent Ml in later(2-4) sessions in the NFB, but not the sham group. Given that the
yoked-pairs of subjects in the NFB and sham groups were presented identicabatidual
stimuli throughout the [I-NFB task, we conclude that the enhanced contratmal
sensorimotor cortex activity seen in the NFB group during the II-NFB kaas well as
subsequent MI was a result of the provision of NFB. While previous studies have
demonstrated that the provision of NFB allows individuals to modué sensorimotor activity
during MI172731 this study is the first to show NFB learning during Il. Despite only achieg
partial success, our findings suggest that II-NFB is feasible.

Moreover, the present work also ventured to test whether any effects of NFB leagi
generalized to subsequent MI. Since we found that NFB subjects demonstrated more
sensorimotor activity during [I-NFB compared to sham subjects dugisessions 3-4, we

would expect to find that subjects in the NFB group showed more sensorimotcingty
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during MI during sessions 3-4. Our results showed that NFB subjebtsindeed produce
more contralateral sensorimotor activity during Ml following II-N-B in sessions 2-4 (Figures
13-14), suggesting that the NFB learning effects imparted by provision oBN\deneralized to
MI of the motor task used for Il. These findings, together with the limitationsf the present
study, and the future of NFB for mental simulation, will be discussed in déta the
following sections.
6.1Contraatera Sersorimotor Activity isIncreasedwith II-NFB Training

In line with the first objective of the present work, we hypothesizethat subjects in the
NFB group would demonstrate a lateralized pattern of brain activity,maly increased
contralateral and decreased ipsilateral sensorimotor activatauring Il compared to the
group receiving sham NFB. This hypothesis was partially confirmed, as ecisjin the NFB
group demonstrated greater sensorimotactivation in the contralateral hemisphere in
sessions 3-4, but did not show a similar effect for down-regulation o&(j decreased)
sensorimotor activity in the ipsilateral hemisphere.
6.1.1 Contralateral Sensorimotor NFB Effect

The finding that subjects in the NFB group produced more sensorimotor @ty

during sessions 3-4 than subjects in the sham group suggests that the pyova$ NFB during
II'is in fact feasible. As discussed in section 2.1.2, in order to regain the fumgipreviousy
accomplished by the cortical region damaged in a stroke, the area surding an infarct
must change, in a process akin to motor learniign order to bring the pre-existing motor

functions back into the behavioral repertoire of the patient. However, accepiishing the
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motor learning necessary to bring about recovery is an uphill battle,stisdies have shown
that stroke patients produce less motor activity during ME and #2654 This depression of
neural activity is caused by a combination of acute damage to motoliarg*®>, an inhibition
of the ipsilesional and disinhibition of the contralesional henpsere?®¢2¢7 resulting from a
reduction in inhibitory GABA-A 1°019% changes in intracellular signaliri§’2¢ as well as a
permanent reduction in cortical volumeé?®2"°resulting from the infarction.

This OCatch 220, that the state of a patientsO brain post-stroke maleesritmg|
necessary for recovery more difficult than it would normally be, makes fttitical that the
scientific community leave no stone unturned to inventing new ways to allopatients to
engage their motor system. While other researchers have investigated #desibility of using
noninvasive brain stimulation to produce more neural activity in the ator regions of the
ipsilesional hemispher&+41% the present study sought to take a novel type of motor
simulation technique (i.e., Il) and test whether the provision of NFB allowed H#y controls
to more effectively modulate sensorimotor activity over several segsio

The finding of the present study, that healthy individuals performing Il areoée to
produce more sensorimotor activity in the contralateral hemisphere dueth® provision of
multiple sessions of NFB has implications for the development of mersiahulation therapy
adjuncts in the future. Considering Il has been shown to produce more motor earactivity
1013 and cortico-spinal excitabilityé° than either Ml or AO alone, the finding that Il with

NFB could enable healthy individuals to produce more contra-lateral senmotor activity
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than a sham group, suggests thatMFB could be used to allow stroke patients to produce
ipsilesional activity to a greater degree than other mental simulatitgchniques.
6.1.2 |Ipsilateral Sensorimotor NFB Effect Results

The inability to show a significant group by session effect for dowegulation of
ipsilateral sensorimotor activity in the NFB compared to the sham gpis the greatest
shortcoming of the present study. As discussed in section 2.8, mIHI and itsatigg effect on
motor recovery from stroke is well documented. For this reason, the alyilib down-regulate
ipsilateral (or in a clinical setting, contralesional) sensorinaw activity via II-NFB would
have been a finding of great interest.

Instead, the Sham group appears to demonstrate the group differences we
hypothesized for the NFB. However, given that the Sham group demonstrateld game
pattern in the contralateral hemisphere (group by session effect for devagulation in
sessions 2-4), we interpret these results as a bilateral sensorimotor downkagign over
subsequent sessions.

In the NFB group, we found that the ipsilateral sensorimotor activity dung NFB
exhibited a similar group by session effect as the contralateral heméesphwith more
sensorimotor activity produced in sessions 3-4. This finding is tm¥eérse of our hypothesis,
and given the fact that NFB subjects were exposed to markedly more NFB wheikatpsal
activity was not meaningfully factored into the NFB metric (discusd in detail below), our
interpretation of these results are that the individuals in the NFB group wessatning to

upregulate sensorimotor activity bilaterally over the course of NFB itmang. This
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interpretation is consistent with previous research showing a degree o&tslal sensorimotor
activation even in unilateral taski§®.2727s,

This shortcoming is not unprecedented in NFB studies involving thedadlization of
sensorimotor activity. Several other studies attempting to utilize MNFB to show that
healthy controls could lateralize sensorimotor brain activityfind that subjects were
successfully able to up-regulate contralateral sensorimotor actiythough were not able to
down-regulate ipsilateral sensorimotor activity2’8 Moreover, while the number of
neuroimaging studies on Il is too small to draw from with authority, se\erof the initial
neuroimaging studies on P2 found that the motor regions associated with greater activity
in the 1l versus the MI or AO condition, showed a largely bilateral profile. Givehis
finding, it is worth drawing attention to work using TMS that found no leerality effect
during AO of a unilateral arm movemerit®. However, another study using a similar design,
found similar laterality effects for AO, MI, and Il of a unilateral arm moveant.

Concretely, the reason for this null finding in the present study can &ky be

attributed to one of three explanations (or a combination of two dnree of these factors):

1! The attentional demands of 1I-NFB are such that down-regulating ipsdeal
sensorimotor activity is too difficult.

2. Four sessions simply did not provide enough training time in order to see a
NFB that would have emerged if the present study had subjects participating

in >4 sessions.
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3. The way the calculation of the NFB metric changed to facilitate diffiayl
titration resulted in subjects not having enough exposure to difficultgvels
where ipsilateral down-regulation was being factored into the NFB metric
calculation.

6.1.2.1 Potential Explanation 1: Ipsilateral Down-regulation During Il is Too ficult

Previous studies have found that healthy subjects were successfully able tcegplate
contralateral sensorimotor activity, though not able to down-regatle ipsilateral sensorimotor
activity s, suggesting that learning to down-regulate oneQOs ipsilateral sensovinativation
through NFB is more difficult than to up-regulate oneOs contralatesahsorimotor activation.
The most apparent reason for this is that down-regulating ipsilateratiaity during 1l of a
unilateral motor movement requires an individual to reverse the normal patn of activation,
that takes place during a unilateral motor task (i.e., even during a unilateeesk, the
ipsilateral sensorimotor cortex exhibits activatiGi#-?>°albeit to a lesser degree than the
contralateral hemisphere). Conversely, promoting an increase in cordatatal sensorimotor
activity during 1l simply requires an individual to amplify a natural neusphysiological
response.

Moreover, it is possible that the complexity of the unilateral motor taslsed as the
basis of the 1I-NFB system could also have affetthe ability of subjectsO in the NFB group to
inhibit ipsilateral sensorimotor activity, as complex movements, Witmore degrees of
freedom, have been shown to elicit a more bilateral sensorimotor respopa#ern than

simple movement¥7278 The use of short, simple, unilateral tasks is the norm in Ml NFB
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studies. For example, previous work in our l1&where MI-NFB was shown to result in
significantly more lateralized sensorimotor activity than MI wit no NFBNused MI of a
unilateral button pressing task.

6.1.2.2 Potential Explanation 2: >4 sessions required to demonstrate 1I-NFB legrnin

for ipsilateral down-regulation

The number of sessions required in order to demonstrate successful NFB legrni
varies widely, given the considerable variability that exists between BIFB systems as well
as the experimental protocols designed to test them. While several studie®snown NFB
learning in a single sessiéfi>%8:, often >1 session of NFB training is required. While some
NFB experiments have found that >4 sessions of NFB training is requireddeinto
demonstrate NFB learningj®27°(for a review se&) it is difficult to prescribe the exact
number of sessions required to achieve NFB learning. A previous NFB study inlaioif
showed NFB learning in session 3, the same session in which the current ssinbyved NFB
learning. While there are several differences between the present study and this gasly by
our lab (e.g., the previous study used MI, and the feedback was primarily utilized dgniest
intervals; the feedback signal was taken from a MEG source location aeguusing median
nerve stimulation), the NFB metric used is quite similar (despite the previotusdses use of
beta in lieu of alpha, as discussed in section 4.5.2, we found that these frequencies were

modulated by NFB in an analogous fashion).



6.1.2.3 Potential Explanation 3: Design of NFB Difficultyitiation

In the present study the average difficulty level of subjects in the NFB group was 3.97,
a difficulty level at which the contribution of ipsilateral down-reguétion to the calculation of
the NFB metric was not factored into the NFB metric calculation. Forraparison, the
contralateral up-regulation was the sole factor in determining the NFBetric at difficulty
levels 1-4, meaning subjects in the NFB group were training the down-regulatiaf
ipsilateral sensorimotor activity to a much lesser degree than the upuikagion of
contralateral sensorimotor activity.

While not directly testable using data from the present study, the findirtgat the
average difficulty level for NFB subjects contained no contributidrom the ipsilateral
hemisphere, suggests that the difficulty titration method used was irctféghe reason for the
lack of ipsilateral down-regulation in the NFB group.
6.2NFB Leaning Trandersto Stbsequent Ml

Our second hypothesis was that the NFB learning effects seen (Hypothesmgoil)d
generalize to MI (without NFB) performed subsequent to [I-NFB training. Our rdts
confirm this hypothesis, as the significant increase in contradaal sensorimotor activity seen
during 1I-NFB in sessions 3-4 was also seen during subsequent Ml performed witiNFB.
This finding, that individuals who learn to modulate brain activitythrough neurofeedback
during mental simulation, show a transfer of this NFB learning to selogient M| performed

without NFB, replicates MI-based NFB studies that have shown successfuistier of M-



NFB learning to subsequent MI>27¢ This finding has two interesting implications for the
implementation of NFB into mental simulation therapy for stroke recevy.

The first is simply that it buttresses the argument for integrating NFBto mental
simulation therapy. Regardless of how user-friendly and portable any fudlzonsumer-grade
neuroimaging device may be, a patient with personal access to NFB hardwagesaftware
(be it for use with Ml or Il) will undoubtedly perform MI without NFB in addition to their
use of the NFB device, simply because of the seamless barrier between performingd/l a
everyday life. While MI without NFB has its pitfalls (discussed in detail section 2.5), its
principle advantage is that it can be performed anywhere, anytime. No mattemhenamorel
a patient may be with their NFB device and software, there will be moments whenusj
makes sense to perform stand-alone MI. Be it on a short bus ride, while stucklineaat a
coffee shop, or during countless other short everyday intervals, there isdonibt that the
provision of effective and user-friendly NFB will not mean that standlone Ml becomes an
extinct practice. Thus, our finding that II-NFB learning transfers to ssbquent Ml would be
of note if II-NFB were to be implemented clinically. The transfer of NFB leamnyg from II-
NFB to MI could be used to encourage patients to engage in Ml over and above the umeyof
prescribed II-NFB therapy. Specifically, the sense of reward patientsO experienten
improve their performance on the NFB system may not only encourage them éotinually
engage in more MI- or II-based NFBNmoreover, the knowledge that this improventda
generalizing to stand-alone MI may empower them to take the opportunitiesatfed them

to perform stand-alone MI in addition to their MI- or lI-based NFB as mtacas possible.
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Secondly, this finding is encouraging in that it suggests that II-NffRining may also lead
to a transfer to ME as well. Previous studies have shown that both MI and AO perfed
prior to ME result in greater activity from regions of the motor networkluring ME®384,
Moreover, it is thought that the ability of Ml and AO to elicit changesi functional
activation in subsequent ME is likely a critical reason why these motamslation therapies
have utility in neurorehabiltation?®281 and thisis in line with the theory that MI, AO, are
both simulations of ME2®, If || represents another type of motor simulation (as argued
section 2.5.2), we would expect any NFB learning that takes place during II-NFBnireg to
transfer to subsequent Ml and ME.

While at the moment we do not have any direct evidence that the NFB learnitigat took
place in the present study would transfer to ME, the finding that it transferd to Ml is an
encouraging sign that a similar transfer to ME may also take place.
6.3Limitations

In addition to the limitations discussed above, there are several otharitations to the
present study that need to be addressed.

6.3.1 Wide Alpha-band

In the present study, sensorimotor activation was operationalized as aegse in event-
related power in the alpha bandNspecifically between 7.5-14.5 Hz. In its original aption,
the 1I-NFB system presented here was to measure event-related power decreases in the beta
band (15-30 Hz). Unfortunately during data collection a mistake was ureced in the

MATLAB script used to calculate the NFB metricNrather than calculating powén the beta
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band, power in the alpha band was being calculated and used as the basisdd\fB metric
instead. The primary author takes full responsibility for this mistake.

As discussed in section 5.4.2, power decreases in the alpha band have been used almost
interchangeably with the beta band as a proxy for sensorimotor aatien. Moreover, given
the prominence of power decreases in the alpha band during Zand the critical
involvement of AO to the II-NFB system presented here, as well as the fact that #hpha and
beta bands were modulated in tandem (discussed in section 5.4.2) this unfoteuaacident
does not dramatically affect the interpretation of the results.

However, if the alpha band had been selected apriori as the frequency band efrett for
NFB metric calculation, it is likely a specific sub-component of the alptvand would have
been used. Specifically, the sensorimotor rhyth#f(12-15 Hz) or m@382842857-12.5) band
would likely have been the best possible sub-components of the alpha band to asHFB
metric calculation. With that acknowledged, given that the present stuaiid not include
whole-head neuroimaging, it is unlikely that the lack of specificity asciated with the use of
the whole alpha band precluded us from answering any mechanistic questioagdrding the
neural correlates underlying NFB learning in this particular study) weherwise would have
been able to address if either the sensorimotor rhythm or mu band had beesdus isolation.
6.3.2 Visual Alpha During Rest Block

Furthermore, re-referencing to the bilateral mastoid electrodes mayeancreased
the alpha power present in our referencgignal Given that the offline analysis conducted

used alpha power during the preceding rest block as a baseline, it is a linoitatif the present

+6



study that the experimenter did not scrupulously investigate whether the sers=0 detection
of alpha ERD/S were affected by the increase in alpha power that has been documented
take place over the occipital lobe during visual attentiéf28¢
6.3.3 Control Group

In order to determine whether the 1I-NFB system tested in the present study resulted
in a pattern of sensorimotor activity distinct from Il without NFB, a camnol group presented
with yoked feedback was utilized. This type of control group was selected becausest
closely resembles the NFB group usedNthe interactivity of the NFB task is siated, and the
audio-visual stimuli delivered to both groups is identical, making eéhclaim that any
differences between the groups was due to the provision of NFB as experimentalind as

possible.

However, since the purpose of the present work was to determine if the addition of
NFB to Il allowed healthy controls to more effectively modulate sensoritoo activity, it
would have been optimal to include a third group that engaged in Il without NFB. We a
comparison between a NFB group and a group that engaged in Il without NFB womladte
its own distinct criticisms (i.e., the motivation and reward felt by pécipants in the NFB
group would be entirely lacking from the group receiving no NFB), future work cqraring
the pattern of sensorimotor activity of subjects engaging in Il with tlse engaging in IINFB
would be of great interest for the greater goal of validating II-NFB asoaltworthy of clinical

testing for stroke rehabilitation.



6.4Methodological Srengths

Despite the limitations discussed in the previous section, the present studyspsses
several noteworthy methodological strengths. The use of an active cohtwhere the NFB
and sham groups were exposed to indistinguishable audigual stimuli, is critical in order to
determine that NFB itself is the crucial factor responsible for any betwegroup differences

in sensorimotor activation in response to II-NFB training.

In addition, the use of strict EMG rejection criteria, both online and diie, is important
to differentiate NFB learning associated with motor simulationdm NFB learning associated

with motor system activation generally.

And lastly, the design of the NFB system was undertaken with an eye on the potdrbo
translate any possible findings to a real-world setting. Thus the present study endeaddo
marry NFB mechanics and interface design with carefully considered usgperience (UX)
elements (e.g., attempting to reduce frustration through gradual onboamglimnd striving to
drive user motivation through titrating difficulty and simple feedbek regarding the users
overall progress). The marriage between NFB mechanics and interface desigmei present
study represents an emphasis on UX (a phrase curiously absent from the N&ifatlire) that

is uncommon in the NFB literature.
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6.5 Future Diredions
6.5.1 Immediate Future Work

The most pressing immediate issue to resolve is the question of why thiFB
system presented here did not allow subjects in the NFB group to down-regulateéafesal
sensorimotor activity to a greater degree than sham subjects. As digclisssection 6.4.1,
there are three potential reasons for this finding. However, the most likalgason for this
shortcoming is that the NFB group spent a majority of their time engag in 1I-NFB with
ipsilateral sensorimotor activity not factored into the NFB metriat all. Therefore, the most
pressing follow up to the current study would be determining if subjects can ledo down-
regulate ipsilateral sensorimotor activity within 4 sessions, if the Rfnetric factors in
contralateral and ipsilateral hemisphere sensorimotor activity waly regardless of difficulty
level. To this end, a third experimental group is currently being collected wheiteetNFB
metricNfor all difficulty levelsNis determined equally by the increase andlecrease of
sensorimotor activity in the contralateral and ipsilateral henpheres respectively.

Beyond the collection of a third group, where the feedback at all difficyltevels is a
product of bilateral sensorimotor activity, there are two other poterdily fruitful areas of
study that may be undertakenThe firstis experimenting with alternative video delivery
methods. While the group by session effect seen in the contralateral hemisplfer the II-
NFB and MI tasks suggests that II-NFB is feasible, the fact that no ay@EBRD/ERS value
was in the ERD range (i.e., log2 of <0) may reflect the fact that subjects foundfficdlt to

produce contralateral ERD for the duration of the video length (50s). A NFBarface where
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the handshake is presented either one shake at a time (i.e., 7s videos), or one cempaha
time (i.e., ~1-2s videos) may result in more contralateral ERDhe secongbotential follow
up, as noted above, would be to @the effect of each individual UX design element (e.qg.,
the inclusion of sound effects, of a feedback screen during rest blocksIN&B learning.
6.5.2 Towards a ODigital PhysiotherapyO

As mentioned earlier, the present study included several UX design elements tinaitéid
experimental control over the variables of the NFB system. These design elememrte
included in the hope that they would make the NFB system more user-friendly, ahais
enhance NFB learning. While there is no tangible, quantitative benefit thiese choiceso
point to at the present moment, it is worth pointing out that the possibijitspace of NFB
system design in the peer-reviewed sphere tends to limit its@lfvery simple systems (e.g.,
the manipulation of a single shape or tone); and while there are good reasonsse these
simplistic interfaces (i.e., the affordance of precise experimental contogkr potentially
confounding variables introduced by more complex UX elements), considgrthe large
upper bound on the distribution/impat of NFB systems (in a world of increasinglgemmon
consumer grade neuroimaging devicé€s?), it is unlikely that the full potential of NFB
technology exclusively involve perfecting simplistic-yet-controlledNFB systems within the
confines of laboratories. While there are currently many NFB video gasmon the marke¥?,
to date there are no examples of an attempt to test these games within the sfieen

communityOs peer-review system.
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While the NFB system utilized in the present work is far from a video game, them@rasis
placed on UX design represents at leastraall step towards a future where a full exploration
of the possibility space of NFB system design is conducted within the pestiewed system.
The present studyOs emphasis on UXNwhile admittedly primitive relative to th@yomercial
cutting-edgeNis a notable demarcation from previous NFB studies wherestifiactor is rarely
mentioned. Academic researchers have been designing NFB systemsNuvirtualigolation of
each otherOs design philosophiesNfor a relatively short period of timea@mparison with
commercial digital interactive system (video game) designers, who &&een designing in a
unified community for decade®. If NFB is ever to enter the clinical mainstream as a useful
way to amplify the benefits of mental simulation therapy, the research comanity would be
wise to (A) begin to factor UX elements into their experimental design, (Bpsh the details
of the UX designs in their (ideally open-source) publications, and patiafly (C) glean Gicks

of the tradeO from the cutting-edge of video-game design.

6.6/Concluson

The present work endeavored to achieve proof-concept in integrating NFB with Il to
allow healthy controls to lateralize sensorimotor activity, while ephasizing UX design, and
aspiring to create an intuitive and user-friendly interface. Our findirgy that healthy controls
showed enhanced up-regulation of contralateral sensorimotor actieatin sessions 3-4,
represents a partial success, given that the corresponding lateralipatgsults in the

ipsilateral hemisphere (i.e., enhanced down-regulation) was not seen. Given pladial
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success, subsequent studies sti# needed to determine whether healthy controls are able to
learn to lateralize sensorimotor activity via NFB during Il. Specifid¢gl it would be

interesting to see if NFB subjects learn to lateralize brain activityactivity of the ipsilateral
and contralateral activity contributed equally to the NFB metric tloughout the during of the

[I-NFB training.

The present work also shows that this NFB learning, of enhanced up-regutatd
contralateral sensorimotor activity in sessions 3-4, transferredsubsequent MI. This
replicates previous studies utilizing MI-NFB syste%?'! and bodes well for the potential of
II-NFB for clinical application in motor recovery fromstrokeNthough of course, at the

moment the clinical utility of II- NFBremains undetermined.

However, for the time being, the present work suggests that integrating NFB wiitlis
feasible. Further work is required to determine why the present study only achesvpartial
success in allowing healthy controls using NFB to modulate sensotion@ctivity during Il to

a greater degree than those receiving sham NFB.

This first attempt at integrating NFB with 1l could provide a useful steppingese for

others hoping to perfect this NFB modality for motor rehabilitatio from stroke.
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Appendix |: Audio-Visua Scipt Presented Prior to Day One®Neurofeedack Sesion

During this study you are going to be imagining that you are doing anlshake that you will
be simultaneously watching on the screen. This is called Oimagined imitét, and there will
be alternating blocks of imagined imitation and rest.

The imagined imitation blocks will consist of a repeating video oféhhandshake. The
amount of colour in the video is based on how well you are imagining doirfgethandshake
yourself. At the beginning of each block the video will be blac&knd-white, but if your
imagery is good, the video will gradually turn to full colour.

Here what the handshake looks likg'16 second video playsNie, 2 handshakes]

After each imagined imitation block, your performance will be evaluated: iby did well (if
the screen was colourful most of the time), you will move up a difficulty level. 1by do
poorly, you will move down a level. You will hear a sound at the beginning of eaast block
if you moved up or down a level.

[Picture of graph onscreeniHere is a picture of the graph showing the results of the first two
blocks of imagined imitation. In this instance, the participant first aved up to difficulty
level two, and then in the next session dropped down to difficulty level one.

At the beginning of each day you will start at difficulty level one. If you renia at level one
for several blocks, there are two easier difficulty levels below one to help you gé¢el for
the system.

While watching the videos and imagining, try to think about the sengahs associated with
all the movements. The tightening of your fingers into a fist, the snug feajinf having your
hand lightly squeezed, or the feeling of hands clapping together. You alsghhiwant to pay
attention to the timing of the shakeNhow one movement flows into anothernd how it
would feelto be doing this handshake yourself.

Feel free to use any strategy you like, however please do continue to stay condewti@n the
handshake during imagined imitation blocks. And while imagining plsa try to keep your
arms as still and relaxed as possibleNif your muscles become tense, the \ddkew settings
will be automatically reset to blackand-white.

The first rest period is 20 seconds and will be used as a baseline of brain andienastivity.
During this block please stare at the fixation cross and count downnfrd00 by 3s in your
head (eg, 100, 97, 94, E) while keeping your arms as relaxed as possible on the pillow.

Do you have any questions before we get started?
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Appendix Il: Sandardized Reponsesto Participant Quegions

Q b 10m imagining the handshake but itOs not going into colourNare you $ere t
system is working?

Part of my responsibility is to watch the neurofeedback system to makeesitOs
working. Rest assured | will let you know if anything goes work at any time.

Q b 10m imagining the handshake but itOs not going into colourNhow cankeriago
to colour?

Neurofeedback is a unique skill that can sometimes take time to learn. IOny $0m
not supposed to give any more advice than that.

Q D Is there a sham or placebo condition in the experiment?
10m sorry 1I0m not allowed to discuss anything about the experimentalrlesig

Q B What are the rules about what strategies | can use to try and make the screen go
to colour?

You are supposed to keep your eyes on the video and actively imagine the handshake
on the screen. Beyond that, you can utilize any strategy you like.
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