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ABSTRACT

Post-stroke physical rehabilitation has been shown to be beneficial in helping to
completely or partially reduce stroke survivors’ impairment and increase their functional
abilities, as well as in helping stroke survivors maintain their current level of function and
mitigate the risk of further impairment. However, the high costs of rehabilitation, together with
the scientific and medical communities’ inability to understand the relationship between the
particulars of an individual’s stroke, their rehabilitation, and their motor recovery, results in
suboptimal post-stroke motor recovery at a population level. This dissertation outlines the initial
steps in the development and validation of a product which endeavours to positively impact these
problems: the Axem Home. The Axem Home is a brain-computer-interface system designed to
independently guide stroke survivors through rehabilitation exercises while collecting
neurophysiological data (via functional near-infrared spectroscopy or fNIRS) relating to their
motor recovery. In particular, the chapters of this dissertation outline work: investigating the
viability of early fNIRS prototypes (Chapter 2), comparing the performance of an early fNIRS
prototype to an established research system (Chapter 3), conducting an initial formative usability
study (Chapter 4), and examining preliminary fNIRS data collected on stroke survivors in their
homes (Chapter 5). While the steps described herein are only preliminary, the creation of such a
product (which has the capacity to both provide cost-effective rehabilitation and improve our
collective understanding of post-stroke motor recovery) represents a noteworthy attempt to
innovate in an important and challenging clinical and scientific domain.
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Chapter 1 - INTRODUCTION

1.1 THE PROBLEM OF PHYSICAL REHABILITATION POST-STROKE AND THE
SOLUTION SPACE

1.1.1 The Problem

Neurological disorders are one of the greatest threats to public health. For instance, stroke
alone has a worldwide incidence of over 17 million annually.! Of all the challenges faced by
stroke survivors, one of the most common is hemiparesis (i.e., weakness or spasticity in one side
of the body), resulting in nearly 80% of stroke survivors continuing to experience upper-
extremity deficits three months following their stroke.? The presence of hemiparesis contributes
to stroke’s ranking as the leading cause of adult disability worldwide.>* In the United States
there are six million stroke survivors and over 800,000 new strokes each year,! resulting in a
cumulative cost of over $70 billion a year, with the majority of expenses related to living with
stroke in the subacute and chronic phases of the disease.! This cumulative cost for Canada is
estimated to be over $3.6 billion annually.’

Post-stroke physical rehabilitation has been shown to be beneficial in helping to
completely or partially reduce stroke survivors’ impairment and increase their functional
abilities, as well as in helping stroke survivors maintain their current level of function and
mitigate the risk of further impairment.®’ The standard of care for physical rehabilitation
following a stroke is for a healthcare professional to assess the functional status of a patient
while they are an inpatient in the acute stage of stroke recovery (i.e., in the first days and weeks
following stroke), and use this estimation of their current function (usually an established,
standardized assessment—e.g., Fugl Meyer, Barthel Index, Functional Independence Measure),

together with other relevant variables, such as comorbidities, to create a rehabilitation plan



consisting of personalized one-on-one therapy sessions. This plan is updated based on
monitoring the progress of the patient, generally achieved by directly observing their progress
(both informally and/or formally through repeated use of standard assessments of impairment
and/or function). Unfortunately, because of the high costs of housing and treating stroke
survivors in an inpatient setting, patients across the western world often don’t get access to
adequate rehabilitation in the acute stage.®” The U.S. for example has seen a decrease in the
standard length of stay at inpatient rehabilitation facilities'?, a troubling sign considering that
rehabilitation at inpatient facilities has been associated with better outcomes than alternative
facilities.!! Meanwhile countries with single payer healthcare systems have related problems,
with long wait times delaying the initiation of inpatient!? stroke rehabilitation, and limited
resources putting pressure on a system that often fails to deliver an adequate volume of
rehabilitation to the patients it has the capacity to take in.!*'4 Canada is a good example of this
situation, with one report showing that inpatient rehabilitation is delayed in its onset, and fails to
deliver the appropriate intensity and duration of therapy needed best suited to individual
patients.!>

When the patient leaves the inpatient rehabilitation setting, they are able to pursue
outpatient rehabilitation services. In lieu of this, some stroke survivors may use a home care
service that includes 1-on-1 rehabilitation as part of their offering. In either case, this results in
patients engaging in periodic 1-on-1 rehabilitation sessions, with a home exercise program
outlining rehabilitation exercises the patient is to complete independently on the days they do not
have these sessions. However outpatient rehabilitation is not accessible to the majority of
patients, due to high costs'® and long wait times,!” as well as the challenge associated with

travelling to appointments—an issue that is exacerbated in rural areas where there may not be an



outpatient rehabilitation clinic nearby.!®!° This is a particular challenge for geographically large
countries like Canada, where the problem of access to outpatient rehabilitation is being
exacerbated by the downsizing and/or closure of outpatient rehabilitation centers.?° Moreover,
while clinician-assigned home rehabilitation programs may be seen as a work-around to the
problem of outpatient rehabilitation’s limited access (due to cost and transportation challenges),
patients typically demonstrate poor compliance with their assigned home rehabilitation
program,?! likely simply comprised of pieces of paper which vaguely instruct the stroke survivor
on which exercises to complete. These traditional home programs do not motivate stroke
survivors to comply, nor do they provide any accountability or sense of achievement for
completing them.

The problems of access are also tethered to problems of effectiveness, with some studies
showing as many as 47% of inpatient stroke survivors who receive rehabilitation fail to
meaningfully benefit from it over the recovery that might have been expected through
mechanisms of spontaneous recovery.?? While the efficacy of post-stroke rehabilitation is
evidence-based (as mentioned above), the murky status of the relationship between inputs (i.e.,
resources spent) and outputs (clinical benefits) casts a pall over the issue, with some academics
continuing to call into question the effectiveness of rehabilitation.

Meanwhile alongside these disturbing clinical trends and academic controversy, the costs
of post-stroke rehabilitation are increasing worldwide. The United States spends approximately
$47 billion dollars on stroke rehabilitation currently,?* and the worldwide incidence of stroke
survivors is estimated to continue increasing at a rate of 3% compounding annual growth?, due to
an aging global population, increasing incidence of stroke in young adults,? and continual

improvements in acute stroke care (which continues to prevent more deaths from stroke).



For all these reasons, there is an undeniable need for innovation in the world of post-

stroke physical rehabilitation.

1.1.2 The Solution Space

From the lens of scientific and commercial innovation there are several broad classes of
solutions to the problems of post-stroke physical rehabilitation outlined above, the two most
apparent being, (1) augmenting the functioning of the nervous systems of stroke survivors to
promote recovery via drugs that might enhance neurological recovery, and/or stimulating either
the central or peripheral nervous system directly via the application of electrical or magnetic
fields; and (2) the use of new therapeutic tools that enhance one-on-one therapy, and/or enable
effective therapy that does not require one-on-one interaction with a health care professional
(e.g., robotic or virtual reality therapy). While there is rightfully much work being done in both
of these areas, the heterogeneity of strokes (which contributes to the heterogeneity of stroke
recovery treatment-response relationships) makes it difficult to be certain about how effective
any such innovative intervention may be for an individual stroke survivor. The uncertainty
associated with physical stroke rehabilitation also represents a challenge for determining a
treatment plan during both inpatient and outpatient therapy, discharge planning, as well as
chronic care management. All this points to a third potential class of solutions to the problem of
physical stroke rehabilitation; (3) tools that enable a better optimization of resource allocation,
through a better (i.e., more personalized) understanding of the effectiveness of stroke
rehabilitation. This could be accomplished by either enabling a better understanding of the data
currently being generated in the course of stroke recovery or enabling the collection of novel
data on stroke survivors, which might then be used to improve predictions of how specific

interventions will impact specific patients’ outcomes. An idealized example of this can be found



in pre-clinical work where researchers developed a predictive model for rehabilitation volume
prescriptions that was found to increase the likelihood rats would benefit from post-stroke upper-
extremity rehabilitation by 13 times.?¢ Importantly, both post-stroke function and information on
the central nervous system damage sustained by the animals was necessary to enable this
predictive model.

To date the only notable effort to deploy such an innovation clinically is the predict
recovery potential (PREP) algorithm,?” where stroke patients (in addition to functional
assessment) undergo both structural and diffusion tensor imaging (DTI), magnetic resonance
imaging (MRI) and transcranial magnetic stimulation (TMS) in order to quantify their degree of
motor-function-specific brain damage. This quantification of neural damage is then used to
determine whether rehabilitation of a given patient should focus exclusively on basic functions
which might enable eventual discharge (e.g., sit-to-stand and posture), or whether it should also
include a focus on areas of therapy that might enable an overall fuller recovery (e.g., upper-
extremity function). The use of PREP has been shown to result in shorter discharge times with
no reduction in patients’ level of function at discharge.?” While these results are encouraging,
and there are in fact other methods of predicting treatment response that were not used by the
PREP system (discussed more in section 1.3.1), to date this system has not been able to scale,
given that the methods employed (MRI and TMS) require expertise to operate, are costly and
time/space-intensive. The fundamental scientific challenges associated with developing these
types of solutions, together with the logistical challenges associated with scalability, has resulted
in an absence of private sector interest in this third class of solutions compared to the first two
mentioned above. This situation is dissimilar to the advances in treatment management that have

been made across several other health problems, such as cancer diagnosis, where the use of



technology to better understand the data already being collected as part of the standard of care
has resulted in significant improvements in the standard of care!. This discrepancy is likely due
to the fact that insufficient physiological data are collected as a part of the standard of care for
stroke recovery—meaning that for a product to deliver value with respect to treatment
management, it may need to enable the collection of more physiological data than what is
currently being realized. This challenge to using physiological data to improve treatment
management in recovery of physical function post-stroke is unfortunate, as there are surely
synergistic effects to be had by applying solutions from each solution class in concert: for
example, a pharmacological intervention aimed at increasing the response to therapy could be
made more effective by tailoring it to a patient with particular characteristics (e.g., lesion
location/size, physical deficits, time post-stroke, the presence of comorbidities), made possible
through a solution that generates data allowing for a personalization of the standard of care.
One way around such a conundrum is to develop a product that enables the collection of
novel physiological data while also enhancing and/or reducing the therapist time needed to
provide rehabilitation therapy. This dissertation discusses the development of a product that
seeks to benefit stroke survivors in recovering physical function by collecting physiological data
that may (as a long-term goal) be used to better understand and thereby optimize stroke
rehabilitation dosage and delivery, whilst also (as a more immediate goal) delivering engaging

automated physical therapy in the comfort of a stroke survivor’s home.

1.2 MECHANISMS OF DISCRUPTION AND REPAIR IN THE BRAIN POST-STROKE

1.2.1 Mechanisms of disruption to the cortical motor system

Stroke results in tissue damage due to a lack of blood flow—with some regions

experiencing complete cell death (the focal center of the lesioned region), and adjacent regions



(i.e., the penumbra) experiencing various types and degrees of structural degeneration and
associated dysfunction?®3° but not total cell death.’!

Of course, the cellular damage that occurs as a result of stroke has downstream effects on
other brain regions as well. The three major types of downstream dysfunction that result
(visualized in Figure 1.1) are: (1) structural connectivity damage, or damage to white matter
projections of the lesion brain area, (2) diaschesis, or the dysfunction of brain regions which
were functionally connected with the dead region, or (3) an alteration of the typical pattern of

interhemispheric inhibition (IHI) and excitation

[ Factors contributing to functional impairment
Ao & AT®&N B C.

Loss of white
matter projection
Diaschesis

Interhemispheric
imbalance

Figure 1-1. Factors contributing to post-stroke functional impairment. Illustration (taken from*?)
of the different causes of cortical dysfunction due to stroke.

All three classes of neural dysfunction illustrated in Figure 1.1 contribute to the atypical
pattern of functional activation during movement, as well as at rest, that has been observed
within the cortical motor system post-stroke. Primary motor cortex (M1) is the point of origin for
the majority of corticospinal tract fibers.**-** While diaschisis affects a large swath of the brain,

3536 and thus especially

ML is especially well connected to many cortical and subcortical regions,
susceptible to dysfunction via the loss of white matter tracts. And finally, the typical pattern of

mutual inhibition between the primary motor cortices (facilitated by the presence of the

transcallosal fibers connecting them?”), during movement has also been shown to be disrupted




post-stroke;**-3? this is often described as a pattern of maladaptive IHI, where a disinhibited
contralesional M1 becomes hyperexcitable, leading to an increasingly hypoexcitable ipsilesional
M1; however, there is controversy about the meaning of these findings since it has been shown
that motor function can improve alongside an increase in ipsilesional M1 excitability in the first
three months post-stroke, without a change in IHI or a reduction in the excitability of
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contralesional M1%° (a topic further discussed in section 1.3.2).

1.2.2 The Brain’s Regenerative Response to Stroke and the Motor System

In the wake of stroke, several molecules that spur cell survival and growth are up-
regulated,**? and likewise several factors which normally inhibit plasticity in the adult brain are
down-regulated.*!*> This adaptive response leads to a period immediately post-stroke where
there are many changes to neurons in and connected to damaged neural regions, including
changes to glial and epidural cells,**** as well as the extracellular matrix.*"** In addition, during
this period the growth of new axon collaterals is up-regulated, which contributes to the
reinnervation of neural regions that are damaged but not completely devoid of surviving neurons;
indeed, animal models have shown that post-stroke axonal sprouting occurs within ipsilesional
motor areas.

And finally, this period of increased neural pliability slowly decreases over time, which
has caused the first months post-stroke to be referred to as the post-stroke critical period’.>!
Thus, the timing of any rehabilitation intervention is an important factor to consider, since the
ability to use the experience-dependent plasticity of rehabilitation to catalyze increases in
function are not time-constant.

The presence of spontaneous biological recovery mechanisms, and their steep decline in

the subacute period of stroke, has resulted in many researchers demonstrating the ability to



predict where a stroke survivors’ functional status will plateau based on their initial function—
known as the ‘proportional recovery rule’. This rule holds that stroke patients are expected to
gain roughly 70% of the difference between their baseline post-stroke function and the maximum
possible function. This rule has led many to even question whether post-stroke rehabilitation
“matters” at all in the midst of these spontaneous mechanisms.?* While the proportional recovery
rule has received many caveats®? and technical critiques questioning strength of its predictive

53,54
power,

its place in the dialogue around post-stroke recovery is important to acknowledge.
Viewed in a certain light, the proportional recovery rule is an evidence-based account for why
stroke rehabilitation may not be worth doing at all. In opposition to this view, the following
section discusses several promising leads that may enable clinical practice to move past the
proportional recovery rule, to understand post-stroke motor recovery at a higher resolution which
might enable an improvement to the standard of care’s optimization of clinical resources.

1.3 NEURAL BIOMARKERS OF STROKE RECOVERY

1.3.1 Potential role for neural biomarkers in stroke recovery

Pre-clinical work has shown that quantifying the size of a rat’s infarct can enable a
predictive model from which one can derive an estimated threshold of rehabilitation dose in
order to achieve an optimal motor outcome, wherein after deriving this model the authors then
used it to prescribe rehabilitation dosage, resulting in a 13 times better chance of recovery than
using a standard ‘one dosage fits all’ model.?® A potential mechanism that could be responsible
for the existence of a ‘minimum effective dose’ of rehabilitation may involve the release of
brain-derived neurotrophic factor, given the extensive pre-clinical work demonstrating that its

55-58

release is correlated with post-stroke motor recovery, and limited but encouraging human

work that has found analogous results®”. Moreover, one recent study interested in the origin of



this increase in the post-stroke brain suggested the role of brain-derived neurotrophic factor
(BDNF) may have particular relevance for the M1, finding that motor recovery (induced by
rehabilitation combined with a centrally-delivered GABA-A antagonist) was precipitated by an
increase in BDNF at the ipsi-lesional (but not contra-lesional) M 1. Other studies have shown that
BDNF delivered through the blood-brain barrier has a beneficial impact that enhances this

recovery,®0:6!

and moreover that the inhibition of BDNF in a pre-clinical model has been shown
to nearly completely negate the possibility of post-stroke motor recovery.>’ The role of BDNF in
post-stroke generally, and being critical to the response associated with hitting a dosage
threshold, may also be contingent on the genetics of an individual, with one study in chronic
stroke survivors showing a relationship between the BDNF-Val66Met polymorphism and
response to rehabilitation.®? Support for the idea of a dose threshold in post-stroke rehabilitation
that is sensitive to the timing of rehabilitation (relative to the time of stroke) is also supported by
several reviews of stroke rehabilitation studies in humans, which have found that more
rehabilitation results in better outcomes,%-** and moreover that the timing of that therapy
matters.%* Further theoretical support for the idea is found in biologically-plausible simulation
studies of upper-extremity rehabilitation and motor recovery, which support the idea of a non-
linear relationship between rehabilitation and recovery, in that a particular threshold must be
crossed to begin the processes which facilitate motor recovery.

The possibility that, for some segment of stroke survivors, gains from rehabilitation may
only be triggered by hitting a dose-dependent ‘threshold’ of rehabilitation, makes it
comprehensible that a study may find that, for instance, 47% of inpatients fail to benefit from

upper-extremity rehabilitation;??> and moreover, it provides a potential mechanism for stroke

rehabilitation’s ability to improve function at the chronic stage—a view supported by a large
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recent study that demonstrated positive findings by utilizing a particularly intense dosage of
upper-extremity rehabilitation.®> Indeed, it seems plausible that the failure to hit this
individualized “threshold” for a minimally effective dose of rehabilitation may be hindering our
efforts to maximize the value of costly and laborious one-on-one therapy. This depressing
potentiality is made even more so by the stark contrast between the pre-clinical literature, which
demonstrates the number of repetitions required to drive neuroplasticity for optimal motor
recovery to be in the thousands,% and observational human studies that have repeatedly shown
stroke survivors receive significantly less volume, even when given access to care.!3!4

Amid these realities, it’s clear that a more individualized approach (i.e., beyond tailoring
the rehabilitation approach to a patient based on their presenting motor function), whereby one
could better predict the likelihood treatment response for a particular stroke survivor being given
a specific rehabilitation regimen (which, as discussed earlier, was achieved pre-clinically by
Jeffers et al.?®) would be remarkably beneficial. Luckily, while preliminary, some strides towards
this goal have been made in human stroke survivors. The laterality of M1 activity during paretic
upper-extremity movement (M1-LAT; discussed more in the next section) as measured by
functional magnetic resonance imaging (fMRI),5”%8 the presence or absence of motor-evoked-
potentials as measured by TMS,® and corticospinal tract (CST) integrity (as measured by DTI),>?
have all been shown to add unique information in helping researchers predict treatment response,
over-and-above what is possible using functional status alone. One of these studies that used M1-
LAT® even found that M1-LAT outperformed functional status as an independent predictor of
treatment response. Other findings which suggest that performing functional motor assessments
are not sufficient to enable truly personalized rehabilitation show that initial motor function did

not have an effect on the dose-response relationship,’ that stroke survivors who are ‘non-fitters’
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of the proportionate recovery rule respond the best to rehabilitation,’”! and that particular
functional outcomes have low predictive power’? for moderately severe strokes (typically
considered the best candidates for rehabilitation). These findings help contextualize the desire by
researchers to further the development of biomarkers of recovery which might help us better
understand, and therefore optimize, stroke rehabilitation response and motor outcomes;’?
furthermore these findings also make more comprehensible the finding that rehabilitation
intervention trials which have a biological-based rationale perform better than those that do not.”
It is important to point out that none of the work above calls into question the notion that
an increase in the volume of rehabilitation for all stroke survivors would be beneficial in helping
stroke survivors, in aggregate, achieve greater functional motor outcomes. However, for a variety
of reasons, the lever of prescribing “more rehabilitation for all” is inaccessible to health care
professionals and policy-makers; it is for this reason that the above findings ought to be
translated into actionable public health change as soon as possible, given the high costs and the
unclear return on investment post-stroke rehabilitation has demonstrated over time.? If
technology could, for example, aid us in identifying a probabilistic, personalized minimum
“threshold” of rehabilitation volume for stroke survivors, then we may be able to provide a
tangible, hypothesis-driven method for increasing the amount of rehabilitation performed by
stroke survivors. As the studies outlined above suggest, the literature is inching us in that
direction; and recently the first of these systems used in humans was shown to increase the
efficiency of rehabilitation: in this study, 192 inpatients who had experienced stroke were
randomized to either an intervention group or a control group who received the standard of care.
While all patients performed the assessments included in the PREP algorithm (discussed in

section 1.1.2 above), the rehabilitation team were only provided with the PREP algorithm’s
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predictions (of either ‘Excellent’, ‘Good’, ‘Limited’, or ‘No’ recovery potential) and asked to
follow its guidelines (to focus more on compensation and pain reduction for patients with lower
recovery potentials) for patients in the intervention group. The study’s results showed a one
week decrease in the length of stay for patients in the intervention group, with no differences
between the groups with respect to clinical outcomes.” While this study only improved
efficiency and not overall clinical outcomes, and there is considerable work to be done before
this type of value can become scalable, this study could be a harbinger of a brighter future to
come, where rehabilitation resources are more intelligently employed. The ability to measure the
brain at scale may yet aid in this mission, and therefore the remainder of this section will
introduce and discuss the potential utility of two candidate biomarkers of stroke recovery that

may be measurable by the Axem Home system.

1.3.2 M1 Laterality (M1-LAT)

The M1 actuates movement via the CST, a signal chain which terminates with alpha
motor neurons causing muscle fibers to contract, leading to movement of the body.
Approximately 90% of the fibres of the corticospinal tract decussate at the medulla’®, such that
activity in the left M1 is primarily responsible for initiating movement in the right side of the
body, and vice versa. Given this cross-over pattern of connection between the M1 and the body,
in a typical case, when a person moves their right arm, their left M1 is more active than their

right, and vice versa.
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Figure 1-2. Illustration of how the left M1 facilitates movement motor control in the right side of
the body. Following stroke this pattern gets disrupted, with the undamaged M1playing an
outsized role in initiating movement for both sides of the body.

Multiple meta-analyses have found that atypical functional activation patterns in stroke
survivors with motor deficits are consistently found in both the ipsilesional and contralesional
hemisphere—specifically a hypoactivation of the ipsilesional hemisphere, and a hyperactivation
of the contralateral hemisphere.””-’® As mentioned previously, in the typical case unilateral
upper-extremity movements elicit a pattern of M1 activity that is lateralized to the contralateral
hemisphere—a finding that has been demonstrated in humans via fMRI", functional near-
infrared spectroscopy (fNIRS),% electroencephalography (EEG)®!' and
magnetoencephalography.®? However, following a stroke this pattern of M1 laterality changes
during movements of their paretic upper-extremity—it either becomes symmetrical or reverses,
such that, for example, the undamaged right side of the M1 is more active when moving the right
side of the body.

Repeated studies have also shown that successful recovery of one’s movement ability is

reflected in a return to a typical pattern of M1 laterality. This has been demonstrated in both

14



cross-sectional data on acute® and chronic patients,®* as well as in longitudinal data where

85-88 Moreover, clinical studies

patients are tracked from the acute through to the chronic phase.
have shown this shift towards the typical pattern of laterality during paretic limb movement is
associated with functional gains, as opposed to simply being associated with the amount of time
that has elapsed since stroke.?*° This work is further supported by pre-clinical studies which
have shown that forced-use of the paretic limb leads to the growth of new intracortical axons in
the ipsilesional M1,°! as well as re-modelling of the ipsi-lesional corticospinal tract more
generally;”? whereas training of the non-paretic limb leads to dendritic plasticity at the
contralesional cortex,” as well as a deleterious effect on motor recovery of the paretic

limb. #9495 Similar findings have also been demonstrated in humans, via several TMS?*%° and
neuroimaging®®19-192 studies that show that a failure to reduce the hyperactivity seen during
paretic arm movement in contralesional M1 leads to worse functional outcomes.

While the mechanism underlying this phenomenon is not fully elucidated, there is
support for the theory that it relates to altered patterns of transcallosal inhibition between the
motor cortices. In the typical case, while at rest the motor cortices send inhibitory signals to each
other in a pattern of mutual THI;!%%-!% moreover, during unilateral movement there’s a pattern of
IHI whereby contralateral M1 inhibits ipsilateral M 1. This inhibition is thought to be cortically
controlled through neural pathways that run along the corpus callosum!%+1% with the THI
controlled by local neurons in M1 that cross over the corpus callosum and directly innervate
inhibitory interneurons located at the opposite M1,% as well as subcortical regions (though these
mechanisms are less well-defined).!?

In both cortical and subcortical stroke there is a reduction in IHI from the ipsilesional to

the contralesional hemisphere, while levels of IHI from the contralesional to the ipsilesional
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hemisphere remained unchanged;!*® and moreover, it has been demonstrated this change is not
solely due to increased excitability in contralesional M1.° Disinhibition of contralesional M1
has also been demonstrated during paretic limb movement—with the contralesional (i.e.,
ipsilateral) M1 inhibiting the ipsilesional (i.e., contralesional) M1 during movements of the
paretic arm, leading to contralesional M1 hyperactivity during movement of the paretic
side. 39%:40.77.109-11 Moreover, this pattern of dysfunctional IHI has also been shown during
movement preparation in chronic stroke patients.>

While this disruption to the typical pattern of IHI post-stroke may be a cause of the
pattern of hyper- and hypoactivation seen at contra- and ipsilesional M1, it should be noted that
stroke survivors’ ipsilesional M1 activity during paretic limb movements can increase without
any change in THI, or any reduction in contralesional excitability.*! And while THI is thought to
be associated with post-stroke motor recovery, one study found that IHI only becomes abnormal
in the chronic phase of stroke, and that its change from normal to abnormal over time was
associated with gains in finger dexterity.!!? These findings, showing that abnormal M1 IHI can
be unrelated the level of M1 ipsilesional activity during paretic limb movement, as well as upper-
limb function itself, suggests that a disruption in M1 IHI is either not the cause—or at least not
the only cause—of the dysfunctional patterns of functional hyper- and hypo-activation seen in
the contra- and ipsilesional M1 post-stroke, as well as the inability of stroke survivors to benefit
from rehabilitation.

While these data all suggest it is via a shift of functional activity back to the ipsilesional
M1 that stroke survivors make upper-extremity functional gains, it is important to note that there
have been contradictory findings which show that higher levels of contralesional activation

correlate positively to functional recovery.!!3-11¢ This finding has been demonstrated to apply
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specifically to patients with very large lesions,!!” those who are especially weak,!'® or those who
have sustained either direct M1!!"® or a high degree of CST damage.!!*> While still a matter of
active investigation, the preliminary consensus is that if a patient sustains a sufficiently large
amount of brain damage, the ipsilesional adaptations that would otherwise promote optimal
recovery are simply not possible, meaning patients must rely primarily on contralesional
reorganization (specifically resulting in increased levels of activity during paretic arm movement
at contralesional M1) for the recovery of movement ability. Taken together, these findings
suggest that a functional reorganization (and subsequent increase in functional brain activity) in
the ipsilesional cortical motor network is an important aspect of optimal stroke recovery in the
majority of cases; and that in a minority of cases, where stroke causes a large amount of cortical
cell death and/or a large amount of corticospinal tract damage, an analogous functional
reorganization at the contralesional hemisphere can instead play a similar role in bolstering the
function of the paretic limb.

In addition to reflecting the functional status of stroke survivors, measures of M1-LAT
have repeatedly been found to be prognostic, successfully predicting stroke survivors’ response
to rehabilitation intervention.®®!2012! Tn fact, one study suggested these metrics can provide a
better prediction of functional outcomes than the functional assessments currently used.'?!

And finally, while these studies all focused on the recovery of upper-extremity function,
similar data acquired with fNIRS have shown that this pattern also holds for discrete lower-limb
movements,'?>12* where an improvement in walking ability leads to the return of a typical
pattern of M1 laterality during walking tasks (which is a symmetrical pattern, the inverse of the

pattern seen in unilateral upper-extremity movement).!24125

1.3.3 Resting State M1 Functional Connectivity (M1-rsFC)
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M1-rsFC reflects the correlation of blood oxygen level dependent (BOLD) activity
between the primary motor cortices while at rest. Decreased M 1-rsFC compared with typical
controls is a common finding for stroke survivors with movement deficits, and decreased levels

of M1-rsFC have repeatedly been shown to correlate with functional status post-stroke, in the
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acute, subacute'~° and chronic phases of stroke recovery. As with M1-LAT (discussed
in the preceding section), these findings have often been thought to relate directly to the literature
on interrupted IHI (discussed in the previous section),!3! however the connection between these

phenomena has not be definitely established.

high laterality and high laterality but
high connectivity low connectivity

Figure 1-3. lllustration of functional connectivity between brain areas, and how it provides
different information than the laterality between brain areas (discussed in section 1.3.2). For
illustrative purposes a typical pattern of laterality upon simple unilateral movement is depicted;
whereas connectivity can be, and is most often, measured at rest. It is important to note that
functional connectivity can be measured in many ways — depicted here is a simple correlation in
brain activity across time. Stroke can cause disruption of M1 connectivity.

Longitudinal studies have also found that receiving treatment, and the associated
increases in functional status over time (both from the acute to early chronic phase,'3?713 as well
as throughout the chronic phase!3¢137) are associated with an increase in M1-rsFC. Moreover M1-

rsFC measures have been shown to predict treatment response in stroke survivors in the acute,!?®
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subacute and chronic phase of recovery. However there has also been a
longitudinal study, where M 1-rsFC measurements were taken throughout the first year post-
stroke, showing no change in M1-rsFC over time despite substantial motor recovery having
taken place.!#?

Some of the inconsistencies in these findings may be due to the changing nature of M 1-
rsFC across the continuum of stroke recovery. For example, one study found M1-rsFC correlates
positively with corticospinal tract damage, but only in the first month post-stroke, and that after
the first month post-stroke, M1-rsFC was correlated with motor function, but only for stroke
survivors who had not suffered significant corticospinal tract damage.!** The authors suggested
that once the brain’s spontaneous biological recovery tapers off, M1-rsFC diverges from
corticospinal tract damage, such that in the acute phase, corticospinal tract damage will
determine the extent of M1-rsFC disruption, but as endogenous plasticity occurs M1-rsFC
continues to change in ways that contribute to increased motor function.

While the majority of studies documenting these post-stroke changes in M1-rsFC utilize

fMRI, similar disruptions in post-stroke M1-rsFC related to movement deficits have been

documented using fNIRS!* and EEG.!#

1.3.4 M1 Neurofeedback (M1-NFB)

In addition to the use of metrics derived from functional neuroimaging at M1 (i.e., M1
laterality and M1-rsFC) for tracking and predicting the recovery of movement abilities post-
stroke, there is also accumulating evidence that the provision of data from M1 as immediate
feedback—often termed ‘neurofeedback’—during rehabilitation may enhance its efficacy.
Neurofeedback simply refers to the process of taking measurements from the brain, then

communicating a metric back to the individual on whom the measurements are being taken; this
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metric is usually a simple, univariate metric, like power in a particular frequency band, or the
level of a BOLD response, and moreover the metric is usually presented in such a way that it is
easily legible whether modulations of this metric represent movements towards or away from the
win-state of the NFB system (e.g., the metric may be represented by a bar graph, with previous
instructions informing the user that they should try to keep the height of the bar as high as
possible). This process of constant feedback helps individuals optimize the aspect of brain
activity being fed back to them, through a process akin to operant conditioning.!#® This feedback
might be provided simultaneously with the task—so called “real-time” feedback—or during rest
periods—so called “intermittent feedback”. While the majority of the literature has utilized real-
time feedback, three studies have compared the two methods, with two single-session studies
finding that intermittent feedback is superior at enabling individuals to modulate the particular
NFB being used—activity at the M1 during motor imagery (the mental rehearsal of movement)
in one,'*” and amygdala activity during a self-guided emotion induction task in another;'*® while
one longitudinal study found intermittent feedback superior to this end in the first session, but

that over repeated session continuous was the better performing type of NFB.!4°
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Figure 1-4. Illustration of the process of presenting NFB from cerebral hemodynamic sources
(note that these steps are mirrored in the presentation of NFB from electromagnetic sources
(adapted from’7?).

Through a careful choice of what is being fed back and how it is being fed back, it has
been shown that NFB can have beneficial effects in a variety of domains. In the case of M1-NFB
for use in movement rehabilitation, data about M1 activity can be provided to the individual
engaging in a movement rehabilitation task in a manner which encourages them to achieve brain
activity patterns seen in individuals who are successfully regaining their movement abilities. For
example, this could mean either promoting an increase in contralateral (i.e., ipsilesional) brain
activity, an inhibition of ipsilateral (i.e., contralesional) brain activity, or both (i.e., M1 laterality)
during movement of the paretic limb. And indeed, many studies have characterized the
feasibility of allowing individuals to modulate their M1 activity during a variety of movement
related tasks, such as the execution of movement, as well as during motor imagery.!3!-153
In addition to a wide range of studies in healthy individuals, M1-NFB has also been used

to promote M1 modulation during rehabilitation interventions. In one case, a patient group that

received real-time M1 laterality NFB during motor imagery of upper-limb movement showed
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greater functional improvements compared to a control group which conducted motor imagery

without the provision of M1 laterality NFB!>* (see Figure 1.5).
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Figure 1-5. (Left) Illustration of the NFB setup used by Mihara et al.”’# (Right) Illustration of the
relationship between group (NFB or sham), increases in ipsilesional M1 activity during paretic
limb movement, and improvements in finger movement ability as measured by the Fugl-Meyer
assessment.

Despite relatively small effect sizes, positive clinical benefits have been shown for many
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M1-NFB studies, including those using M1-NFB during motor imagery, as well as in
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conjunction with functional electrical stimulation'>’, an assistive exoskeleton or orthosis,
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mirror therapy, and robotic therapy.'% In all these studies, the up-regulation
of ipsilesional M1 was found to correlate with functional gains made from the intervention.

While in yet another type of approach, it has been shown that patients engaged in M1-
rsFC NFB (where the patients were simply told to increase the amount of M 1-connectivity while
resting) showed enhanced outcomes compared with a group that received feedback about the
connectivity levels of a control brain region.!%®

While these studies all use disparate neuroimaging and rehabilitation modalities,

feedback signals and user experience and user interface approaches, the positive findings suggest
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that further work in this area could render tools to increase the efficacy of various types of post-
stroke rehabilitation therapies. However, a significant barrier to translating these findings to
scalable clinical impact is the fact that all these studies utilized neuroimaging devices designed
for laboratory use only (i.e., devices that are expensive and require set up by an experimenter);
the next section will introduce and provide an overview of a neuroimaging device designed to
leverage this clinical potential at scale.

1.4 AXEM HOME

1.4.1 Axem Home Overview

Axem Neurotechnology is in the process of developing what is projected to be their first
product, the Axem Home—rehabilitation system that provides guidance, feedback, and support
for post-stroke upper-extremity rehabilitation. The Axem Home is intended to be usable either
within a clinical setting overseen by a healthcare professional, or independently by a stroke
survivor in the comfort of their own home. The Axem Home consists of (1) an fNIRS headband
(the “Axem Home band”) designed to measure the hemodynamic response from the portion of
M1 associated with upper-extremity movement, (2) a tablet containing software which guides
stroke survivors through rehabilitation exercises during which they receive NFB based on the
relative oxygenation (AHbO) detected during movement by the Axem Home band, and lastly (3)
a web-based software enabling healthcare professionals (HCP) to remotely monitor usage of the
Axem Home by the stroke survivor. Future releases of the Axem Home (or future products from
Axem Neurotechnology that are built to work together with the Axem Home) may focus on
using insights from the fNIRS data collected from the Axem Home, together with other sources
(be it those accessed from a stroke survivor’s health record, or generated by the Axem Home

itself—e.g., movement tracking metrics derived from the camera on the tablet being used for
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rehabilitation) to provide actionable insights to health care professionals and/or policy makers
that might help them determine what an optimal personalized treatment plan (be it overall dose,

timing, or type of rehabilitation intervention) might be for a particular stroke survivor.

While chapter 2 will describe the particulars of Axem Home headband, as well as discuss
some of the challenges associated with its development, the following section will be used to
provide context around the selection of {NIRS as the functional neuroimaging modality chosen
for the Axem Home. Furthermore, while section 4.3 will provide an overview of the software
meant to guide rehabilitation for stroke survivors, the software for healthcare professionals will

not be specifically discussed (see section 5 for a comment on the scope of this dissertation).

Figure 1-6. Illustration of the Axem Home being worn by a patient during a rehabilitation
session. The model used in this photo is a preliminary model based on idealized industrial
design.

1.4.2 On the suitability of Functional Near-Infrared Spectroscopy (fNIRS) for use in the
Axem Home

167

Functional near-infrared spectroscopy'®’ was invented as a modality of functional

neuroimaging in the late 1970s and it has been gaining in prominence steadily since that time. In
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particular, recent advances in light emitting diode (LED) and silicon photodiode (SiPD)
technology has accelerated its popularity as a research tool in the past decade.

Broadly, fNIRS relies on the same principles of neurovascular coupling which enable
measurements from many neuroimaging modalities, including fMRI and transcranial doppler.
Neurovascular coupling broadly refers to the relationship between neural activity and cerebral
blood flow, enabling the measurement of a BOLD signal that reflects local neural activity. There
are three distinct methods of performing fNIRS—continuous wave, frequency domain, and time
domain. Continuous wave fNIRS measurements are derived strictly by measuring changes in
light intensity of continuously emitted light, while both frequency and time domain techniques
measure this in addition to the time of flight of photons, allowing for greater temporal resolution.
Because extremely sophisticated components are required to enable both the frequency domain
and time domain measurements, continuous wave fNIRS is the most common modality used.
Given that Axem Neurotechnology is striving not to push the cutting edge of neuroimaging
resolution, but rather to push the cutting edge of neuroimaging accessibility (and real-world
clinical utility), only the continuous wave technique is relevant, and for the purposes of this
document, fNIRS will be used interchangeably with continuous wave fNIRS.

The fundamental principle of fNIRS is, firstly, given that light waves in the infrared
range (i.e., 700-1000nm) are both non-ionizing and permeable to human tissue, bone, and related
mediums, they can be safely emitted into the body; the amount of light that returns to the surface
of the body can then be measured, allowing one to make inferences about its absorption pattern
as it passed through the biological medium. Secondly, by emitting infrared light at the scalp
(using a path of emission orthogonal to the cerebral cortex) and positioning a photodetector an

appropriate distance from the location of the emitter (~2-5cm can be used, with 3cm being the
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most commonly used distance!%®), a portion of the light that was emitted can be assumed to have
passed through the cerebral cortex.

In addition to this ~3cm light path, recently it has been shown that by including
measurements of these same near-infrared wavelengths taken at shorter emitter-detector
separations, it is possible to capture the influence of hemodynamic changes occurring superficial
to the brain from those occurring at the level of the cortex so that they might be removed from
those associated with cerebral hemodynamics.!*17? In particular it has been shown that emitter-
detector separations <lcm are optimal for this purpose, since they are not significantly affected
by cerebral hemodynamic changes.!”! This process has been shown to reduce physiological

noise, and to further improve the correspondence between fNIRS and fMRI.!7

Detector 2 Source

CSF
Gray matter

= White matter

Figure 1-7. llustration of the light paths from both 3cm (d1) and 1cm (d2) paths. Of particular
note is that only the longer light path passes through the gray matter at the cortical surface.
Taken from’”3

Thirdly, if at least two wavelengths are used, and these wavelengths are differentially
absorbed by the chromophores oxyhemoglobin (HbO) and deoxyhemoglobin (Hb; see Figure
1.8), inferences about the hemodynamic response can be made by using a modified version of
the Beer-Lambert law.!”* This allows fNIRS to quantify relative levels of oxyhemoglobin and

deoxyhemoglobin.
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Figure 1-8. Absorption coefficients for oxy- (HbO2) and deoxyhemoglobin (Hb) taken from’7®,

Oxyhemoglobin and deoxyhemoglobin are altered in response to neural activity in a
canonical manner—with a near instantaneous initial decrease in oxyhemoglobin (as
oxyhemoglobin is converted to deoxyhemoglobin to provide the energy required for cellular
activity), followed by an increase in oxyhemoglobin starting at approximately five seconds
following the onset of neural activity, with a slow return to equilibrium following the cessation
of local neural activity (see Figure 1.9). Meanwhile, an inverse pattern is seen in
deoxyhemoglobin, however the magnitude of chromophore change is smaller. This means that
fNIRS is not taking absolute measurements, which is not possible without resolving the light
scattering and absorption coefficients (requiring time of flight measurements), but instead

relative changes in the presence of these chromophores.
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Figure 1-9. Representative fNIRS data during local neural activity. Red represents AHbO, AHD,
and green relative total hemoglobin (taken from?”?).

A restriction to relative measures is also the case in fMRI data, which also relies on the
principles of neurovascular coupling to quantify the BOLD response. Accordingly, studies have
shown good correspondence between simultaneously acquired fMRI and fNIRS.!"7-!78 However,
there are three primary differences between the capabilities of fNIRS versus fMRI that warrant
outlining.

The first is that while fMRI is able to quantify neuronal activity throughout the brain,
fNIRS is constrained to measurements at the cortical surface. While this limitation of fNIRS is
suboptimal, as discussed in section 1.3.2 and 1.3.3, many subcortical changes associated with
motor deficits post-stroke manifest at the level of the cortex, specifically the primary M1. The
second difference between fNIRS and fMRI is that fMRI has a higher spatial resolution than
fNIRS (millimeter!” and centimeter scale, '8 respectively); and while this does somewhat limit
the types of data one might glean from fNIRS versus fMRI measurements of the primary motor

cortices, the neural biomarkers of recovery the Axem Home endeavors to measure in stroke
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patients (M1-LAT and M1-rsFC) are measures relying on differences in brain activity between
hemispheres, meaning centimeter scale spatial specificity is sufficient.

The third important difference between fNIRS and fMRI is that fNIRS can be
implemented in a portable/wireless device; thus fNIRS devices can be made to be ergonomic—
i.e., ergonomics here meaning “designed to minimize physical effort and discomfort, and hence

81> or to be made to suit a variety of different tasks, settings, or types of

maximize efficiency
users. This relates specifically to the field of neuroergonomics, which includes the development
of brain measurement devices for use in novel, real-world settings.!3>!83 This difference
between fMRI and fNIRS, together with the considerable difference in the cost of an MRI versus
an fNIRS system (which is somewhere between one and two orders of magnitude, even for
research grade fNIRS devices), is critical for the present discussion, as it precludes fMRI from
being used as a routine measurement device throughout the course of care in stroke
rehabilitation.

Thus, from the perspective of what form factors may or may not be within its possibility
space, fNIRS has more in common with EEG (which has been utilized in several commercial
products'®*) than fMRI. However, compared with EEG, fNIRS has many advantages which
resulted in it being chosen for use in the Axem Home—most importantly, a vastly superior
spatial specificity (i.e., the ability to discern where in the brain measured activity is coming
from) due to the spatial smearing that occurs, for example, when measuring electrical signals
from the scalp with EEG.'®> While EEG can gain centimeter scale spatial specificity, it can only
do so reliably by use of a large array of wet electrodes!®®!37, thus compromising its ability to

deliver measurements with a user-friendly form-factor. The ability to measure the brain with

spatial specificity is of critical importance in the design of a clinical tool to enhance and monitor
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stroke rehabilitation by measuring the cerebral cortex, given that the primary area of interest is
the M1 specifically—a lcm strip across the brain (approximately in-line with the ears).
Measurements from this region have been demonstrated using a limited number of fNIRS
sensors.!®® Another reason fNIRS is preferable to EEG for this application is the higher signal-to-
noise ratio of fNIRS compared with that of dry EEG (which would be required for a clinical
application, given the long setup time associated with wet EEG). This translates to a smaller
number of trials being required to gain interpretable data: in other words, patients will not have
to perform large numbers of trials of rehabilitation exercises in order for the data measured from
their M1 to be interpretable—see Figure 1.9 for representative fNIRS data from the M1.

FNIRS signal from Movement Rest

Motor Cortex | <( W\\ W

Change in Oxygenation (a.u.)
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Figure 1-10. 1dealized time course of the canonical relative oxyhemoglobin at the M1 during
movement.

1.4.3 Axem Home Rehabilitation Software

The Axem Home app is a tablet-based software application designed to work together
with the Axem Home headband to allow stroke survivors to engage in upper-extremity
rehabilitation exercises in an easy and enjoyable way. To support this, the Axem Home app
connects with and receives data from the Axem Home headband and provides instructions to

users on how to correctly place the headband to enable valid measurements. Using the data
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collected from the Axem Home headband, the app presents feedback to the user during
rehabilitation exercises, providing motivating reinforcement throughout what can otherwise be a

dull and demotivating activity. The Axem Home app also tracks the rehabilitation activity of the

user over time, meaning the app can explicitly encourage the user to comply with their home

rehabilitation goals.
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vinin

Liwg Out

Exercise Minutes

Try to get &% many minubes of
exsrcise i you can. Every day! It's
ok if you sproad this suk over
multiple sessions. It all adds up!

Brain Activity Score

The harder you Ery, the more brain
Don't be

activity you should s

Goal:

45 min
Average:
47 min

Goal:
BD%
Average:

discoursged i this number |s bow of

T2%

lat. The weskly sverage is
mso4k impertant

Figure 1-11. Prototype user home screen. The user home screen displays representations of the
patient’s past usage of the app, in terms of the amount of rehabilitation completed, as well as
metrics based on the brain activity data collected during rehabilitation sessions.

This Week Points: 4
This wWeek Goal: 1
Progress This Week:  40%
Progress Lask Week: T0%

While the Axem Home app will allow health care providers to remotely determine some
aspects of a patient’s home exercise program (i.e., what rehabilitation exercises the patient has
access to, the timing parameters of a rehabilitation exercise, and goals for compliance), the app

will allow patients to choose which exercises they would like to perform (see Figure 1.12).
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Figure 1-12. Prototype Exercise Selection screen. Displays the rehabilitation exercises available,
and includes basic information about each movement, and the ability to preview each
movement’s video.

During rehabilitation exercises, users will be encouraged to follow along with a video
demonstrating the exercise, performing it themselves as shown in the video (Figure 1.12, left
pane). After a specified time performing the exercise, users will be asked to rest for some time.
During rest, the user is presented with feedback about their brain activity as measured by the
device, akin to the “intermittent feedback” discussed in section 1.3.4 (Figure 1.12, right pane);
this feedback is meant to allow the user to modulate their brain activity during the rehabilitation
exercise. This feedback might be used, for example, to encourage stroke survivors to achieve a
more typical pattern of M1 laterality during paretic upper-limb movement, or it may use some
criteria to personalize the feedback for the individual user. As discussed in subsequent sections,
in preliminary studies the feedback presented is based solely on activity in the patient’s
ipsilesional M1 during paretic arm movement. However, due to the fact that, as mentioned in
section 1.3.2, there are likely a portion of stroke survivors for whom contralesional sensorimotor
activity will be more beneficial, in the future the Axem Home should include features that allow

the software to determine which type of feedback will be most beneficial. However, for the first
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manifestation of the Axem Home, it will be assumed that all patients will benefit from increasing
ipsilesional M1 activity. This assumption, while flawed, rests on the fact that (A) this is the case
for the majority of all stroke patients with upper-extremity deficits, (B) that, over and above this
fact, the subset of all stroke survivors with upper-extremity deficits who will become Axem Home
users is likely to consist even more disproportionately of those for whom a return to a normal
pattern of M1 laterality will be beneficial, given that those patients for whom a further inversion
of the typical pattern of M1 laterality will be beneficial will be patients with to patients with very
large lesions!!? (and thus more likely to have contraindications such as cognitive impairment),

and those who are especially weak.!!®
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Figure 1-13. Displayed above is (A) the active period screen, during which the user is instructed
to move in synch with (i.e., imitate) the video, as well as (B) the rest screen, which shows
feedback to the user based on their brain activity during the preceding active period.

1.5 DISSERTATION SCOPE

The vision for the Axem Home is two-fold: firstly, to provide stroke survivors with an
engaging and accessible way to engage in upper-extremity rehabilitation in the comfort of their
own homes, therefore helping them better comply with a home rehabilitation program, all while
enhancing the effectiveness of that rehabilitation through the provision of M1 NFB; and
secondly, to use the data generated by the Axem Home to better optimize the deployment of

rehabilitation interventions.
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The scope of this dissertation is more modest. It is to (1) provide scientific and clinical
context for the Axem Home as a potentially useful tool, as well as to (2) document the initial
experiments associated with design verification (i.e., determining if the Axem Home performs as
intended) and usability (i.e., determining if the device can be used as intended, by representative
users, in the intended use environment). Also, since these activities do not directly involve the
health care professional-facing aspect of the Axem Home software, that aspect of the Axem

Home product vision is beyond the scope of this dissertation as well.
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Chapter 2 - AXEM HOME PROTOTYPE DATA QUALITY
STUDY
2.0 ABSTRACT

This study’s purpose was to determine whether preliminary wireless fNIRS prototypes
were capable of taking neurophysiological measurements from the M1 during upper-extremity
movements. First a convenience sample of 57 healthy adults (m = 43.9, sd = 16.6 years) were
recruited to perform a simple upper-extremity motor task using Axem Neurotechnology’s first
prototype (AP-1); information on the head size, hair density and colour, as well as skin colour,
were all recorded given their potential relevance to fNIRS signal quality. While analyses on the
data obtained via AP-1 demonstrated the expected contra-lateralization of increased
oxyhemoglobin, 8§ participants were excluded due to the obvious unviability of the fNIRS
measurements (i.e., raw data from the device’s analog-digital converter was not above the noise
floor!); and moreover, dynamic time warping (DTW) classification analysis indicated that fNIRS
data collected from participants >50 years of age (who had less dense hair than their younger
counterparts) was of lower quality than from their younger counterparts. These results motivated
substantial improvements to AP-1, and data from a new prototype (AP-2) was then tested on 17
participants (m = 39.06, sd = 13.1 years). While a quantitative comparison between the data from
AP-1 and AP-2 was not performed, aggregate data analysis from AP-2 demonstrated the
expected contra-lateralization of increased oxyhemoglobin, with no participants excluded due to
poor data quality; this together with a qualitative comparison of data collected with AP-1 and

AP-2 on the same individuals (all of whom had dense hair), suggested the improvements made

!'In this case specifically meaning there was no visible difference in the raw time series of ADC values being
collected when comparing time periods when the device’s emitters were shining light versus time periods when they
were not.
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from AP-1 and AP-2 had substantially improved its ability to measure M1 activity during an

upper-extremity task.
2.1 INTRODUCTION

2.1.1 Study Purpose and Design

The purpose of this study was to examine the ability of an fNIRS prototype developed by
Axem Neurotechnology to take neurophysiological measurements from M1 during a simple
upper-extremity task in a group of healthy adults (ideally representing the population at large),
with the study design allowing for iteration on the fNIRS prototypes used. Towards this end, an
experimental paradigm employing both a left- and right-handed unilateral fist squeezing task was
used, allowing the results to be evaluated with respect to their conformity to the expected pattern
of increased AHbO in the hemisphere contralateral to the limb used in each task. In addition,
information on the hair density and colour, as well as skin colour of the participants was
recorded, due to their potential relevance to the ability to take neurophysiological measurements
from M1 via fNIRS (with denser hair, and darker hair and skin leading to more near-infrared
light absorption, thus diminishing the amount of light being emitted through the scalp and
eventually to be potentially measured by the detector)—specifically, recording these covariates
of NIRS signal quality allowed for post-hoc analyses on sub-segments of our recruited sample
to be performed, to help further contextualize the performance of this fNIRS prototype and thus
better understand the generalization of any findings to the population at large.

Moreover, the study protocol allowed for iteration to the fNIRS prototypes (i.e., the
actual electrical/mechanical permutation of the prototype itself) as needed. However, in reality
the first 57 participants completed the experimental protocol using Axem’s first wireless fNIRS

prototype (AP-1; described in section 2.2.2.1), while the subsequent 17 participants completed
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the protocol using a distinct prototype (AP-2; described in section 2.2.2.2)—a prototype that was
made in response to the specific shortcomings of AP-1 uncovered in the course of this study
(discussed in section 2.3.1). Prior to the collection of these 17 participants using AP-2, the data
quality between AP-1 and AP-2 was compared on individuals with dense hair who were easily
available to Axem Neurotechnology (i.e., Axem Neurotechnology’s personnel) by visual
inspection of fNIRS raw data as well as processed AHbO following completion of the paradigm
described in the present study. Following this, to further determine whether AP-2 was capable of
obtaining a neurophysiological signal from M1, a sample of 17 subsequent participants were
collected, at which point the COVID-19 pandemic halted data collection. The study was
discontinued at this point, since it had not been intended to be a two-arm study and thus was

deemed unnecessary to the study’s purpose to match the sample size collected with AP-1.

2.1.2 fNIRS Signal Quality Deconstructed

At the most basic level, the ability for an fNIRS device to successfully measure a motor
evoked signal is dependent on its ability to get sufficient light (specifically light of appropriate
wavelengths, as discussed below and highlighted in item 4 of Figure 1) from its emitters through
to the scalp, and the ability to bring a portion of this light that emerges back out of the scalp to its
light-measuring optical components. However, this process can be further broken up into sub-

components, which—while all interconnected—can be considered in isolation.
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Figure 2-1 — Schematic of the major aspects contributing to an fNIRS system’s ability to measure
cerebral hemodynamics.

The first, most basic pre-requisite, is that the device must enable all optical components
to make sufficiently good contact with the participant’s scalp. This requires the device to be
designed such that the optical components can be positioned with sufficient proximity to the
scalp (Figure 2.1 item 1), and moreover, that whatever medium or mediums acting as light
guides (both from the emitter to the scalp, and from the scalp to the detector) have an interface
with any hair that may be present such that the hair does not block all the light from being
transmitted to or from the scalp (Figure 2.1 item 2). One aspect related to both of these sub-
components of gaining good contact between the optical components and the scalp is the ability
for this interface (i.e., between the apparatus, its optical components, and the scalp) to be
manually improved through manipulation—either by the user or a third party (Figure 2.1 item 3).
The most common example of this is in the design of fNIRS systems designed for research,
where the optodes are designed to be removable, whereupon a thin hair-combing tool is to be

used to dislodge hairs that might otherwise obstruct the path of the light (see Figure 2.2).!
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However this might also be accomplished without any disassembly, by designing the device such
that the light transmitting components can be ‘worked through’ hair, by simply moving them in
such a way that they are more likely to gain good coupling with the scalp, while the device is on
the head, until the light transmission components are making better contact with the scalp;
however, this requires the components responsible for light transmission to be neither rigid (to

prevent discomfort or pain) nor fragile (to prevent damage to the system).

Figure 2-2. Example of removable optode assembly that enables a third party to move hair away
from the center of the optode assembly (in this case with a screwdriver tool).

The particulars of light emission are another major component, which can itself be
broken down to three sub-components: the wavelengths of emitted light (Figure 2.1 item 4), the
transmission of the emitted light (Figure 2.1 item 7), and the control of the light emission (Figure
2.1 item 10). The two sub-components comprising the factor of emission wavelength are: what
pair of wavelengths are being used for the modified Beer-Lambert calculation (Figure 2.1 item
5; with the larger the difference between each wavelength’s absorption coefficients for oxy- and
deoxyhemoglobin the more sensitive the results will be to true changes in these chromophores;
see Chapter 1 Figure 1.7 for an illustration of the absorption coefficients for both oxy- and

deoxyhemoglobin), and the coherence of emission spectrum for these wavelengths (Figure 2.1
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item 6), where the greater the coherence (i.e., a lack of variability in the emitted light across the
frequency spectrum) the larger the signal-to-noise ratio will be.? Light transmission simply refers
to the necessity of getting an appropriate amount of light going along an optical path whereby it
will travel through the brain and then arrive at the light detector; too little light and the
measurements will have too low a signal-to-noise ratio to detect hemodynamic changes; too
much and the detector will become saturated, with the boundaries of ‘too little’ and ‘too much’
light being a function of detector sensitivity (Figure 2.1 item 11). The factor ‘light transmission’
depends on two sub-components: emission power (Figure 2.1 item 9) and optical path (Figure
2.1 item 8). Emission power referring to the number of photons being generated by light source;
and connected to this aspect is the ability for the firmware of the fNIRS device to alter the level
of emission at different times (e.g., less emission for bald individuals, and more emission for
individuals with dense, long dark hair; see Figure 2.1 item 10); this dependency, together with
the influence of detector sensitivity, is reflected in the dotted lines connecting items 9-11 in
Figure 2.1. The optical path that describes the path those photons take is a function of both the
light source and light guide used,® with the greatest performance coming from fully collimated
light (i.e., from a source emitting a focused beam of parallel rays, as opposed to a divergent
beam of scattered rays*, see Figure 2.3) being emitting tangential to the scalp.® The two different
types of light sources used in fNIRS systems are lasers and LEDs.® While lasers emit more
collimated light than LEDs,’ the fact that lasers require significantly more support electronics
(given that they require more power supply and temperature monitoring than LEDs”), means that

fNIRS systems using lasers are not a suitable choice for ergonomic fNIRS systems.®’
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Figure 2-3.Illustration of highly collimated light (left) contrasted with less collimated light
(right).!’

The next major factor in determining the functionality of an fNIRS system is the specifics
of how the system detects light. While it is true that the more sensitive the light detector used the
lower the noise floor, and thus the greater potential ability of an fNIRS system to detect
hemodynamic changes (Figure 2.1 item 11), as previously mentioned, it is also critical that the
detector be calibrated to work with the amount of light provided by the emitter portion of the
fNIRS system (hence the inclusion of item 11 in the relationship illustrated between items 9-11
in Figure 2.1). And finally, another sub-component of an fNIRS system’s light detection is the
ability of the system to take measurements from its light detectors—this relates to actual
sampling itself, accomplished by the device’s microprocessor accessing the system’s analog-
digital converter (Figure 2.1 item 13), their suitability for sampling from the light detectors used,
as well as the method of transmitting these samples to an external device (e.g., a computer or
phone; Figure 2.1 item 14).

The above factors all play a part in an fNIRS system’s ability to detect changes in cortical

hemodynamics, and thus provide a broad context through which to understand the current
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study—the purpose of which is to determine the ability of preliminary fNIRS prototypes to take
these measurements, in addition to iterating on these prototypes (with respect to these factors
listed in Figure 2.1).

2.1.3 On the Suitability of Existing fNIRS Systems for Rehabilitation-based Brain-
Computer-Interface (BCI)

As discussed in the previous chapter (in section 1.3.4), all research using fNIRS for the
purposes of rehabilitation BCI and/or measuring neural biomarkers of stroke were done with
fNIRS systems designed for use in the laboratory, requiring a lengthy set-up to be carried out by
a trained experimenter. Because the focus of this dissertation overall, and this study in particular,
is the use and development of fNIRS technology (for reasons discussed in section 1.4.2 of the
preceding chapter), this section will focus on evaluating existing fNIRS technology in its ability
to be used in a scalable (i.e., widely deployed and easily repeatable) rehabilitation BCI.
Specifically, the requirements of an fNIRS system for use in a scalable rehabilitation BCI are
that it be (1) portable and easy to transport; (2) wireless, so that the user is not encumbered in
how they might move while fNIRS measurements are being taken, and also so that it is able to be
used in a wide variety of environments; (3) capable of taking measurements from the
sensorimotor regions of the brain (see section 1.3 for a discussion of relevant functional
neuroimaging biomarkers of physical recovery from stroke, all of which are derived from this
region of the brain); and finally, while perhaps not a requirement, an fNIRS system aiming to be
used in a scalable (stroke or neuro-) rehabilitation BCI application would also ideally (4) be
capable of being set-up by the wearer of the fNIRS device themselves.

While the established fNIRS systems used in the research discussed in Chapter 1 are the
ideal tools to use for taking fNIRS measurements from sensorimotor regions of the brain if all

that is prioritized is signal quality, they are not portable, wireless, or capable of being set-up by
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the individual on whom measurements are being taken; therefore, they are not ideal for scalable
clinical use cases. However, recently several groups have developed fNIRS systems that seek to
deliver novel value over and above the established laboratory-based fNIRS systems in the
measurement of cerebral hemodynamics from regions surrounding M1. One study'! designed a
novel brush optode design (that was added onto an existing fNIRS system’s optodes) whereby
instead of using a single light guide, a bundle of several small flexible fibres (akin to the
individual fibres of a brush) were used to transmit light through hair to the scalp. Despite
providing better penetration through hair compared to the original manufacturers design, the
fragility of the brush optodes compared to the use of a single light guide, as well as the need to
have an experimenter carefully set up such a system (lest the wearer of the device manipulate the
interface between the brush optodes and the scalp too roughly, causing damage to the brush
optodes) mean that this concept is far from ready for implementation in a scalable fNIRS
system.? Another recently developed system!? provided high density measurements from the
region surrounding M1, with relatively little setup required (i.e., no adjustment of the optodes
were required by an experimenter)—however, this system was not portable or wireless, nor
capable of being set up by the wearer of the device (still utilizing a form of headcap), and thus,
while impressive, its value is not markedly differentiated from those of established fNIRS
systems. Likewise, a novel system was previously shown to enable M1 measurement during an
outdoor bike riding task;'? and while this device is also impressive, it does not provide
significant value over the NIRSport by NirX (https://nirx.net/nirsport), since both require

experimenter set-up and for a full backpack (containing the power supply and control

2 As an aside, and in the pursuit of full transparency, this study’s design was replicated (as per the information
provided in this publication) by Axem Neurotechnology in fNIRS prototypes developed prior to those presented
herein, and the same performance through hair (compared with a single light guide design) was not replicated.
Moreover these small fibers were found to be very fragile and thus difficult to use.
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electronics) to be worn. And finally, another recent novel fNIRS system was designed to take
M1 measurements in a portable form factor!*—however, this system did not use wireless data
transmission and thus was not fully wireless; and while the system did not use any fiber optic
cable, it nevertheless required significant intervention by the experimenter—to both set up its
strapping system affixing the device to the head, as well as to adjust the springs that were used to
provide flexibility to its optodes (which enabled conformity to a variety of head sizes and
shapes).

2.2 METHODS

2.2.1 Participants

Participants provided written informed consent to participant in this single-session, non-
interventional study that was approved by the Ethics Review Board of the National Research
Council of Canada. All participants were over 17 years of age and had not been diagnosed with
any musculoskeletal conditions as determined via self-report.

For the first 57 participants, AP-1 was the fNIRS measurement device utilized, while for
the subsequent 17 participants AP-2 was utilized (Table 2.1). Participants’ hair
(Iength/density/curl/pigmentation) and skin (pigmentation) characteristics were rated by the
experimenter on a 5 point scale; this rating was determined by the experimenter, utilizing the
previous ratings as an anchor for their judgments to ensure relative consistency between
measurements, a photograph of the top of the participants’ heads, as well as a close-up of their
skin at the wrist area (see Figure 2.4 for example) were taken in order to enable more rigorous
follow-up analyses if required.

Table 2-1. Participant characteristics for the sessions conducted with AP-1 and AP-2 fNIRS
systems.

AP-1 AP-2 |
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M SD M SD

Age 43.92 16.6 39.06 13.1
Head
circumference 57.56 2.12 57.83 2.4
Nasion to inion 34.39 1.9 34.69 2.3
Tragus to tragus 39.46 1.8 38.69 2.2

Male Female Male Female
Sex 33 24 12 6

Left Right Left Right
Handedness 5 52 2 16

- " P
5 =

N

Figure 2-4. Example photographs taken in the study, used to then code characteristics of the
participants hair and skin characteristics (a consistent colour scale was included in these

photographs to allow for relative calibration to compensate for differences in photo quality,
lighting etc.).

2.2.2 fNIRS Prototypes

2.2.2.1 AP-1

As illustrated in Figure 2.5, AP-1 is an fNIRS device consisting of two 2 x 3 measurement
grids that overly (approximately) locations C3 and C4 of the international 10-20 system.!>16

These two by three measurement location grids each consist of two photodiodes, four emitters
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positioned 3cm from one or two of these photodiodes, as well as two emitters positioned 8mm
from each photodiode to capture and removal hemodynamic changes superficial to the cortex, as

discussed in section 1.4.2 (see Figure 2.5).

3 1 e F4

F

|

R3

F
D1

R1 R2 R4

Figure 2-5. Engineering schematic of the layout of electrical components and measurement
locations for AP-1 and AP-2. Schematic has a top-down view on the fNIRS device, assuming that
the left-most components are at the left side of the head, and the right-most components are at
the right side of the head. Circles labeled D1-D4 represent the location of photo diodes. Circles
marked S1-4 represent the location of short-path LEDs, enabling a measurement location at the
mid-point between each short-path LED and its associated detector (e.g., between S1 and D1).
Circles marked F1-4 and R1-4 represent long-path LEDs, enabling the measurement locations
marked by white circles labeled 1-12.

Furthermore, in order to accommodate a variety of head sizes, the AP-1 headband is
flexible in the coronal plain, akin to the design employed in all over-ear headphones, allowing it
to flex and contract based on the dimensions of an individual’s head, in a manner that does not

require manual adjustment by the person placing the headband in position.
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Figure 2-6. Prototype of the central band of the device headband, demonstrating its ability to
accommodate flexion in the coronal plane.

AP-1 is powered by a lithium-ion battery that is housed (via velcro straps) atop the medial
portion of the headband. AP-1 also includes two elastic, adjustable straps to help keep it in
position in the presence of movement; one runs along the back of the head, and one is positioned
under the jaw (see Figure 2.7, left pane). These straps were designed to hold the headband in
place on the user’s head during gross movements, or in the case where a user’s hair is quite

dense or long, necessitating as tight coupling as possible between the light guides and the scalp.

Figure 2-7. Picture of AP-1 as worn in the present study.
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The optodes of AP-1 were comprised of class 1M LEDs (emitting wavelengths 745 and
850nm) and SiPDs, with light guides (i.e., small tube-shaped structures made of an optically
transparent silicon designed to transmit light with minimal attenuation; see Figure 2.8) coupled
to each of these components. The purpose of coupling the LEDs and SIPDs to light guides is to
permit the transmission of light past hair in a manner that does not require (1) the assistance of a
third party to remove hair from the components (a technique common among many modern
research-grade fNIRS devices, as illustrated in Figure 2.2 and discussed above), (2) is not
uncomfortable, or (3) fragile. These requirements come from the Axem Home design inputs
which state that (1) a stroke survivor should be able to place the device, in the correct position,
using a single hand, and (2) that the device not be uncomfortable for use when worn for at least
30 minutes (these as well as other design inputs of the Axem Home are further discussed in
Chapter 4). These requirements precluded the use of fiber optical cable in the design (often
employed in modern research-grade fNIRS systems), due to their rigidity, fragility, and bulk.
And given the need to utilize some medium to transmit light from the LED to the scalp, and from
the scalp to the SIPD, in the presence of hair (which absorbs light in the infrared range), light
guides composed of optically transparent silicon were chosen since they were found to provide
good light transmission in the presence of hair, while being composed of material that is slightly
more pliable than, for example, acrylic, which provides slightly better transmission as a material,

but which, due to its rigidity, is uncomfortable or painful when pressed against the scalp.
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Figure 2-8. A) Simplified illustration of the light guides butt coupled to the optical components of
the device headband. (B-C) Initial (idealized) Axem Home headband industrial design concept,
illustrating this butt coupled-based design implemented in a full fNIRS headband. The proposed
ridges surrounding the light pipes are conceived as both intended to act as combs for hair, as
well as to create a ‘bed of nails’ effect whereby the pressure of the light guides on the head is
diminished, resulting in improved comfort; while ideally these ridge features would be made of a
material with a lower durometer, preliminary versions of these features made out of plastic were
implemented in both AP-1 and AP-2.

2.2.2.2 AP-2

To improve upon the performance of AP-1 (see section 2.3.1 for an in-depth discussion
of the results from the AP-1 participant group), in particular to improve its ability to get the light
emitted past the user’s hair, two major changes were made, resulting in a distinct fNIRS
prototype headband (i.e., AP-2). Firstly, for AP-2 there was a desire to alter the design such that
the optical components would be better able to move in a flexible manner, so as to make better
contact with the scalp across a wider range of head sizes and shapes (this relates to item 1 in
Figure 2.1). Thus, for AP-2, the emitters supporting the 3cm optical path were not fixed to the
headband, but rather embedded in separate ‘pods’, attached to the headband by individually
articulating springs (See Figure 2.9). This allows the device to flex in response to the size of the
users’ head, in not only the coronal plane (as AP-1 was able to do, given the flexibility illustrated

in Figure 2.6) but in the sagittal plane as well. These individually articulating LED pods were
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designed so that the light guide coupled to the LED, as in AP-1, would be ~3cm from the

photodiodes (which remained housed in the main headband itself). Moreover, similar to AP-1,

8mm adjacent each photo diode is another (lower power) LED (unchanged from AP-1).

Figure 2-9. Illustration of the spring attachment design, allowing the individual LED pods
(example of these pods are pointed to with red arrow in figure) to articulate in the sagittal plane,
independent from the central headband.

Secondly, the LEDs used to emit light supporting the 3cm optical path (which, in AP-1, were
the same LEDs used to emit light supporting the 8mm optical path) were replaced by higher
power LEDs capable of emitting more optical radiation (this relates to item 9 in Figure 2.1). The
primary wavelengths emitted by these LEDs is 740 and 850nm respectively. This change meant
that AP-2 required a significantly larger current draw than AP-1, and as a result a larger lithium-
ion battery was used; given the increased size of the battery in AP-2, the battery was moved to
the backstrap portion of the device. This battery pack is connected to the other device electronics
via flexible printed-circuit-boards (PCB), which provide some flexibility to accommodate a
range of head sizes, while also providing some structure to the device as a whole (as this flexible

PCB is somewhere between a hard plastic and a fabric strap with respect to rigidity).
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Figure 2-10. Picture of AP-2 as worn in the present study.
And lastly, after consultation with an expert in biomedical optics, the design of the light
guides were updated in AP-2 to improve their ability to collimate the light from the flat lens of

both the long- and short-path LEDs.

Figure 2-11. Left pane - lllustration of the revised light guide design implemented in AP-2. Right
pane — illustration of these light guides as butt coupled to both the individually articulating long-
channel LED pods (see items labeled 106) as well as the SiPDs (e.g., see item labelled 104) and
short-channel LEDs (e.g., see item labelled 104).

2.2.3 Experimental Task

All participants were seated in a chair with the fingers of both hands in finger holes

affixed to an exercise ball (see Figure 2.12). Auditory cues instructed them to either squeeze the
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left or right ball approximately once a second (i.e., 1 Hz), and when to rest. They were instructed
to use moderate force—enough so that the ball deforms, but not so much that they experience
muscle strain or fatigue. They were asked to refrain from squeezing and rest with their hands on
their lap when they hear ‘rest’. Each trial of squeezing lasted 10 seconds, while each rest period
lasted 30 seconds. Participants completed 24 trials of alternating right- and left-hand squeezing
respectively (i.e., 12 left- and 12 right-hand squeezing blocks), for a total task time of 16

minutes.

Figure 2-12. Exercise ball used in the unilateral hand squeeze.

2.2.4 fNIRS Measurement

As discussed in section 2.2.2, AP-1 and AP-2 contain a 3 x 2 grid of measurement
locations in either hemisphere (with 2 ‘rows’ in the sagittal plane, and 3 ‘columns’ in the coronal
plane; see Figure 2.4). Based on existing literature!S, the hypothesized location of the motor
evoked response for the motor tasks used in the present study are C3 and C4 for the left- and
right-handed squeezing respectively.

Given individual variability and the exploratory nature of the study, measurements from
both AP-1 and AP-2 were taken at two measurement locations. Given that the two measurement
locations in the coronal plane are 2cm apart, and given the present study’s purpose (i.e., to

characterize the ability of these prototypes to measure the motor evoked response associated with
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upper-extremity motor tasks), participants performed 24 trials of unilateral fist squeezing twice,
with the AP-1 or AP-2 headband located with the detector DO at CZ according to the 10-20
system (the green marks in Figure 2.13), or with the detector DO positioned 1cm anterior to this
location (the blue marks in Figure 2.13). Using two measurement locations in this way thus both
expands the range over which measurements were taken, as well as increases the spatial

resolution over the C3 and C4 regions.

NASION

Figure 2-13. Position of the AP-1 and AP-2 measurement location grids at both measurement
locations to be employed in the present study, relative to the 10-20 EEG placement system.
Locations marked in green are gained when D0 is positioned at CZ; locations marked in blue
are gained when D0 is positioned at 1cm anterior to CZ.

2.2.5 fNIRS Pre-processing

Data from AP-1 and AP-2 were both sampled at a system-wide sampling rate of 5.4 Hz.
For all data analysis for both AP-1 and AP-2, first the raw signals (i.e., light levels measured at
each system’s analog digital converter) were temporally aligned to the peaks of the pulse
waveform of a single (arbitrarily selected) reference channel. Next, a modified Beer-Lambert
law? was applied to generate AHbO); the first derivative of the AHbO time series was then

calculated. A principal component analysis (PCA) was then performed on all short-path channels
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three times: first on the unfiltered time series, second following a low-pass (0.2 Hz) filter, and
finally following a high-pass (0.2 Hz) filter. The first component from all 3 PCAs were then
removed from all long-path channels via linear regression, whereupon each long-path channel
had its adjacent short-path channel subtracted via linear regression. And finally, a bandpass filter

(0.01 - 0.1 Hz) was then applied to isolate the frequency band containing hemodynamic changes.

2.2.6 Dynamic Time Warping Classification

A classification method based on K Nearest Neighbors (KNN)!7 and Dynamic Time
Warping (DTW)'® were used to characterize the motor evoked response. The use of
classification for inference in functional neuroimaging analysis is based on the idea that for data
measured at a location in the brain which experiences increased cellular activity during a
particular task, a naive algorithm should be capable of differentiating rest data from task data to
the extent that the rest and task time series differ (i.e., to the extent the data contains a task-
evoked response). In particular, given an expected increase in oxyhemoglobin during the task
period at M1, changes in AHbO during the task period compared to during the rest period were
compared.

The use of KNN and DTW together is a method of time series analysis used to quantify
the difference between shapes!. This method iteratively warps the position of one time series
over the other (see Figure 2.14 for illustration), computing difference values between the two
series at each point and storing them in a matrix of differences; a search algorithm is then used to
iterate the shortest path from one corner of the matrix to the other. Dynamic time warping is
well-suited for classification in this study because it is robust to differences in phase (due to the
fact that it warps over the temporal dimension)'®; and unlike many other frequently used

classification techniques, it is not a deep, powerful machine learning algorithm capable of
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revealing patterns between data that are not apparent to the human eye (see 2%2! for overviews).
Given the strong expectation of an increase in oxyhemoglobin and a decrease in
deoxyhemoglobin during task at the region of the brain being measured in the present study, such
a shallow method is preferable, since it reduces the possibility of false-positive classification
findings where some confounding factor in the data, learned by the algorithm through training
across participants, contributes to the ability of the algorithm to classify data correctly (see®? for
an example of false-positive findings occurring under conditions of high noise when using deep
learning in structural neuroimaging).

Each participant’s time series data representing task-specific changes in relative oxy- and
deoxyhemoglobin respectively was used. For each location, the difference between the shapes of
all epochs was quantified using DTW, from which KNN classification was used to derive a
classification accuracy—i.e., a percentage of correct predictions, with higher percentages
corresponding to larger and more consistent differences between the AHbO data collected at rest

versus during the task period.
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Figure 2-14. An illustration of the way in which shape comparison in DTW iteratively warps the
path of one shape in order to compare it with another in a manner unaffected by differences in
phase. Taken from'’

2.3 RESULTS

2.3.1 AP-1 Results

For eight participants, data was not collected due to a lack of signal at any of the long-
path channels (further discussed below). Also, throughout the course of data collection with AP-
1 there were several sessions where not all of the measurement locations were operational (see
Appendix A for a summary of the number of sessions gained from each measurement location).

Both the right- and left-handed fist squeezing tasks demonstrated the expected contra-
lateralized pattern of AHbO (Figure 2.15). However, throughout the course of data collection a
clear trend emerged: whilst data from younger adults varied greatly in quality, data from older
adults was uniformly good (see Appendix B for supplementary materials containing a brief
summary of a preliminary analysis). This trend was observed first by the experimenters through
examination of the raw data prior to data collection, which was required to determine if data
collection could commence (i.e., to ensure that there was light getting to the long-path detectors;
where poor raw data was characterized broadly as low light levels at the detectors during long-
path measurements, with constant noise being observed on a visualizer of the raw data); the most
obvious example of this, was that all individuals for whom data collection could not commence
were not only young, but were rated as having very dense hair. These observations spurred a

series of ad hoc analyses.
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Figure 2-15. Topographical heat map of all measurement locations used in the present study, for
(A) left and (B) right-handed fist squeezing. Heat values represent the average AHbO changes
across all participants during the 10s of a first squeezing task during the 10 second task period.
Measurement locations labeled C3/C4 were approximately in these locations as defined by the
international 10-20 system.

Indeed, the descriptive statistics for participants younger and older than 50 in Table 2.1
reveals a large striking difference in hair density between groups, and research looking at the
effects of age on hair quality suggest these effects generalize to the population at large?32°, while
the lower pane of Figure 2.17 plots the negative correlation (Pearson’s r = -0.664) between hair
density and age in the AP-1 participant group.

Table 2-2. Descriptive statistics for the sub-segment of participants in the AP-1 group who were
under 50 years of age (top row) and over 50 years of age (bottom row).

Hair Hair Hair
Age length density Hair curl | Shade
32.27 (8.1) [ 3.09 (1.08) | 3.52 (0.77) | 2.98 (0.99) | 1.93 (0.34)
61.33
(7.77) 2.76 (0.97) | 2.19 (0.68) | 2.38 (1.21) | 1.71 (0.87)
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Figure 2-16. Representative examples of the differences in hair density between younger (left)

and older (right) participants.
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Figure 2-17. Plotted negative relationship (Pearson r = -0.664) between hair density and age in
the participants in the AP-1 group.

In order to examine whether these perceived differences in signal quality between
younger and older participants manifested in quantifiable detriments in fNIRS signal quality, we
performed KNN + DTW classification on data from each sub-segment separately. AHbO values
were used to classify a 10 second data segment as coming from either task or rest. This resulted
in a clear difference in classification accuracy between the two groups: with the maximum sensor

location for the right- and left-handed squeezing tasks garnering values that were 8% and 13%
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better in the older sub-segment than in the younger sub-segment (Figure 2.18). Together, these

observations and analyses led to the creation of the AP-2 prototype.

Action side: Left Action side: Left
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Action side: Right Action side: Right

Figure 2-18. DTW-NN Classification accuracy between task and rest AHbO data for
participants <50 (left pane) and >=50 years of age (right pane) for the left-handed (top panes)
and right-handed (bottom panes) fist squeezing task. |
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In addition to this strong trend of decreased signal quality resulting from denser hair,
another observation that was repeatedly noted by the experimenter is that the AP-1 device would
often ‘tip’ in the sagittal plane (with the posterior portion of the headband lifting off of the head)
in response to individuals who did not have sufficiently flat heads; while this phenomenon
occurred to some degree in a large number of participants (nearly half; although this wasn’t
formally noted during the study), it was formally noted in the experimenters notes as having an

obvious detrimental effect on data quality in 5 of the 49 completed sessions.

2.3.2 AP-2 Results

Following the collection of 57 participants with AP-1, Axem Neurotechnology had
access to a new, revised prototype, AP-2. In order to quickly determine the effect of the

improvements made over-and-above AP-1, as referenced in section 2.1.1, several individuals
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with dense hair who were easily available to Axem Neurotechnology (i.e., Axem
Neurotechnology personnel) were spot tested with both the AP-1 then the AP-2, with visual
inspections of the data revealing that a clear improvement had been made from the AP-1
(whereon the raw data—i.e., the raw light levels from the device’s analog-digital-converter—
obviously represented noise alone) to the AP-2 (where the presence of cardiac pulse and Mayer
waves were distinguishable on nearly all channels). Moreover, in order to further inspect the
difference between the ability of AP-2 with AP-1, task-related AHbO data from this same
unilateral fist-squeezing task, from these select individuals with dense hair, were compared by
visual inspection. These comparisons (two representative examples are presented at Figure 2.19),
in addition to the visual inspection of the raw data from each device, resulted in Axem
Neurotechnology determining that the AP-2 had a significantly improved ability to take fNIRS

measurements on individuals with dense hair.
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Figure 2-19. Data presented comes from the contralateral measurement location that
demonstrated the largest mean increase in AHbO during the task period. Both participants were
<40 years of age.

In order to further validate the performance of AP-2 to obtain a neurophysiological signal
from M1 during a simple upper-extremity task, a subsequent 17 participants completed the same
unilateral fist-squeezing task protocol while measurements were taken with the AP-2. As with
the AP-1, the aggregate data across these 17 participants showed the expected contra-lateralized

pattern of increased AHbO (Figure 2.20).
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Figure 2-20. Topographical heat map of all measurement locations used in the present study, for
(A) left and (B) right-handed fist squeezing. Heat values represent the average AHbO changes
across all participants during the 10s of a first squeezing task during the 10 second task period.

2.4 DISCUSSION

The aim of this study was to examine an fNIRS prototype’s ability to obtain a
neurophysiological signal from M1 across a broad range of healthy adults, including the
possibility of iterating on the fNIRS hardware used in response to the data collected in order to
achieve this aim. A simple unilateral upper-extremity task was used, enabling the evaluation of
any results in reference to the expected contralateral increase in AHbO for both right- and left-
handed versions of this task; furthermore, the use of a classification algorithm was used, wherein
the ability to successfully characterize AHbO data collected during the motor task window as
opposed to during a rest period was used as a proxy for data quality. Results showed that AP-1

showed contra-lateralized increases in AHbO in both the left- and right-handed fist squeezing

84



tasks, a double dissociation indicating that AP-1 is in fact capable of measuring cerebral
hemodynamics during upper-extremity movement. However, follow-up classification analysis
were then performed to determine the ability of a classifier to differentiate task from rest AHbO
data in participants above and under 50 years of age. These analyses were instigated by
observations during data collection that individuals with thick hair demonstrated worse data
quality; as well as by an observed correlation between hair density and age in these participants
(see Figure 2.17). And indeed, classification of AHbO data between task and rest for individuals
younger and older than 50 revealed significantly higher classification accuracies for the older
subset of participants (see Figure 2.17). While the intended users of the Axem Home are stroke
survivors (who tend to be older), the risk of the Axem Home headband being incapable of
providing measurements of any kind on a significant portion of the population was deemed
unacceptable, and thus these results spurred the development of AP-2. Given that the major
deficiency with AP-1 seemed to be its inability to get sufficient photons from its long-path
emitters to its detectors, two significant innovations were made for AP-2: (1) higher-power
emitters were utilized, and (2) additional flexibility was built in, such that long-path emitters
gained flexible in the sagittal plane (in order to maximize the likelihood of good coupling
between the long-path emitters’ light guides and the scalp).

Qualitative comparisons between the same young, dense-haired individuals both using
AP-1 and AP-2 (i.e., visual examination both of the raw data during resting state, as well as
processed task-evoked AHbO data, see Figure 2.19) suggested a significant improvement upon
AP-1 in this device’s ability to take neurophysiological measurements via fNIRS in the presence
of dense hair. Subsequently 17 participants were recruited to perform the same experimental

protocol with AP-2. No participants needed to be removed from the study for poor data quality;
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and the resulting AHbO data (while not powered towards a between-participants comparison
with that from AP-1) also showed contra-lateralized pattern of increased AHbO in both the left-
and right-handed fist squeezing. This suggests that the improvements made to AP-2 were
significant.

The most relevant limitation of this present study is the lack of a between-participants
comparison directly testing the differences between the data from the AP-1 and AP-2 systems,
which raises the possibility that the improvements in signal quality (evidenced by the fact that
none of the 17 participants who utilized the AP-2 device had unusable data, as well as via the
qualitative comparisons of the data from the same individuals being measured both fNIRS
prototypes) may not generalize. Relatedly, the limited sample size collected with the AP-2
device adds to the uncertainty regarding the generalizability of ability of the AP-2 device to
obtain a neurophysiological signal from M1 across a broad range of healthy adults.

However, while this suggests further verification of the ability of AP-2 to measure M1
activity during upper-extremity movement is still required, the present study presents promising
data from two preliminary fNIRS prototypes; results suggest that both the AP-1 and AP-2 fNIRS
devices are able to obtain a neurophysiological signal from M1 in ideal conditions, and that
significant improvements were made in the progression from AP-1 to AP-2 in the ability to gain
measurement in non-ideal conditions (seemingly most importantly, in the presence of dense
hair). Work to validate the ability of the AP-2 device to take neurophysiological measurements
from M1, compared to an established fNIRS system, is presented in chapter 3, while preliminary
human factors work examining the limited use of AP-2 by representative users is presented in
chapters 4 and 5, and the implications of these findings for fNIRS design more broadly are

discussed in Chapter 6, section 2.
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Chapter 3 - PORTABLE WIRELESS AND FIBRELESS fNIRS
HEADBAND COMPARES FAVOURABLY TO A
STATIONARY HEADCAP-BASED SYSTEM

A version of this chapter has been submitted to PLOS ONE as: C., Friesen, Lawrence, M.,
Ingram, T., Smith, M., Hamilton, E., Holland, C., Neyedli, H., Boe, S. “Wireless, fibreless, and
user-friendly fNIRS headband compared with headcap fNIRS system for sensorimotor
measurement of upper- and lower-extremity movement.”

Data from this study were utilized as the basis for the following Master’s Thesis. Holland, C.
(2020). The Use of NIRS in Monitoring Lower-Limb Motor Activation: A Study Comparing a

Mobile and Research-Grade System. The analyses conducted herein are mutually exclusive with
this work.

3.0 ABSTRACT

This study’s purpose is to characterize the performance of a prototype fNIRS headband meant to
enable quick and easy measurements from the sensorimotor cortices. The fact that fNIRS is well-
suited to ergonomic designs (i.e., their ability to be made wireless, their relative robustness to
movement artifacts among other characteristics) has resulted in many recent examples of novel
ergonomic fNIRS systems; however, the optical nature of fNIRS measurement presents an
inherent challenge to measurement at areas of the brain underlying haired parts of the head. It is
for this reason that the majority of ergonomic fNIRS systems that have been developed to date
target the prefrontal cortex. In the present study we compared the performance of a novel,
portable fNIRS headband compared with a stationary full headcap fNIRS system to measure
sensorimotor activity during simple upper- and lower-extremity tasks, in healthy individuals >50
years of age. Both fNIRS systems demonstrated the expected pattern of hemodynamic activity in
both upper- and lower-extremity tasks, and a comparison of the signal-to-noise ratio between the

two systems suggests the prototype fNIRS headband is non-inferior to an established, full head
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fNIRS system in the measurement of motor cortex activation during these tasks. Conclusions:

The use of a wireless and fibreless fNIRS design is feasible for measurement at the motor cortex.

3.1 INTRODUCTION

Functional near-infrared spectroscopy is gaining popularity as a modality of functional
neuroimaging. While less temporally precise than methods measuring the electromagnetic
properties associated with neural activity (i.e., electro- and magnetoencephalography; due to the
relatively slow nature of the hemodynamic response), and less spatially precise than fMRI
(which, like fNIRS, measures cerebral hemodynamics!), fNIRS is more spatially precise than
most electromagnetic methods, and more temporally precise than fMRI (not being limited by the
need to serially measure slices of the brain). In addition to this balanced performance across
these two dimensions (temporal and spatial precision), recent innovations in LED, SiPD, and
lithium battery technologies have together opened up the possibility space for fNIRS systems to
be built in ergonomic ways that enable new research, clinical, or consumer BCI applications. All
this positions fNIRS well to contribute to the goal of using functional neuroimaging to provide
value in contexts outside the laboratory (the so-called ‘neuroergonomics’ movement>?).

However, while there have been many published articles demonstrating the ability to
easily take fNIRS measurements from the prefrontal cortex in a naturalistic setting*”’, as well as
the ability to take measurements from the whole head with intricate and bespoke headcap set-
ups®, one aspect holding back fNIRS from contributing to future neuroergonomics work is the
fact that it is much more difficult to take measurements from parts of the head that tend to be
covered by hair. This limitation precludes fNIRS from the significant portion of neuroergonomic
applications where sensorimotor, parietal, and/or occipital measurement locations are relevant—

for example, physical rehabilitation following brain injury, applications involving motor learning
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for skill acquisition, or the use of steady state visual stimulation for diagnostic purposes in
concussion.

Taking fNIRS measurements requires the fNIRS system to get light from its source to the
scalp, as well as from the scalp to its detectors at the other end of the measurement path. When
taking measurements from areas other than the prefrontal cortex, this requires an fNIRS system
to (1) ensure the system’s light-transmitting parts (usually a light guide of some type) are in a
properly oriented position, tangential and sufficiently proximate to the scalp (ideally abutting it);
(2) ensure that the interface between its light-transmitting-parts and the scalp are such that a
sufficient amount of light is not occluded and/or absorbed by hair; and (3) to accomplish this
across a variety of head shapes and sizes, (4) while remaining comfortable. In traditional fNIRS
devices that utilize an elastic full headcap, the headcap’s elasticity serves as a robust solution to
the first and third challenges. The ability to allow the experimenter to quickly attach and detach
optodes (attached by fiber optic cable) from their location on the headcap, then manually
dislodge and comb hair away from the area underneath the optodes’ intended position, has
emerged as a simple and effective solution to the second problem. Moreover, varying sizes of
elastic headcaps, coupled with the ability to set the pressure with which a cap’s individual
optodes press against on the scalp (using springs), allows these systems to optimize the trade-off
between optical coupling and comfort for all measurement locations, across a range of varying
head shapes and sizes.

Unfortunately, the use of these solutions (headcaps and experimenter intervention)
precludes these fNIRS systems from being used independently and/or quickly (i.e., enabling a <1
minute set up time), limiting the types of applications they might be used for. Thus, there is a

need to develop fNIRS systems that can take valid measurements through hair that do not use
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these solutions optimized for experimenter intervention. In the present study we tested the
validity of data collected at the motor cortex from a prototype fNIRS system that is wireless and
completely head-mounted; this system does not employ fiber optic cable or a headcap to take
measurements, instead employing an ergonomic design that might enable fNIRS measurements
of the sensorimotor cortices to be taken quickly and independently in the future. This fNIRS
prototype device is a preliminary iteration of a device meant to enable (among other things)
independent, at-home sensorimotor BCI applications such as stroke rehabilitation®.

In this study we specifically tested the validity of the fNIRS data from this prototype
fNIRS system during a simple unilateral upper-extremity and bilateral lower-extremity
movement task in healthy participants >50 years of age. Individuals >50 years of age were
selected to age-match this sample to patients in need of post-stroke rehabilitation, potential future
users of a neuroergonomic system. Moreover, in a within-subjects design we also collected data
on these tasks with an established headcap-based fNIRS system. The validity of the data from
this prototype fNIRS system can then be assessed by examining the topographic distribution of
brain activity across the different tasks (with contra-lateralized increases in brain activity
expected in the unilateral upper-extremity tasks, and more medially located increases in brain
activity expected for the bilateral lower-extremity task) in comparison with the distribution seen
in the established fNIRS system. Finally, a quantitative comparison of each system’s signal-to-
noise ratio can be used to examine whether this prototype fNIRS system might be considered

non-inferior to an established fNIRS system.
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3.2 METHODS

3. 2.1 Participants

Twenty healthy participants over the age of 50 (M =61.1; SD = 10.1; 10 female, 19
right-handed as per the Edinburgh handedness inventory!®) who were not experiencing any
physical disability, and had no history of neurological disease or insult were recruited.
Recruitment of older individuals was chosen to be representative of the end user of the fNIRS

device being developed (i.e., stroke survivors).

3.2.2 fNIRS Devices and Sensor Configuration

The fNIRS prototype used in the present study was powered by a lithium battery attached
to a headband of optical components; the device utilized Bluetooth low energy and supports an 8
x 2 grid of 16 unique cerebral hemodynamic measurement locations (see Figure 1-A). The
device is meant to be worn at the apex of the head (i.e., approximately where over-the-ear
headphones sit) to enable measurement over the brain’s sensorimotor region bilaterally. Given
the preliminary nature of this study, we chose to utilize this fNIRS prototype in two locations:
with the device’s center detector positioned at Cz (according to the International 10-20 System),
as well as Icm anterior to this location. Given the two rows of 8 measurement locations are
separated by 2cm, this allows for analysis to be conducted on a continuous grid of 4 x 8

locations.
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Figure 3-1. A: prototype fNIRS device. B: Array of optical components included in the fNIRS
prototype. The central three detectors (being 3cm from 4 long-path LEDs) enabled 4
measurement locations each, with the two detectors on either end (being 3cm from 2 long-path
LEDs) enabling two, resulting in a total of 16 measurement locations. C: NIRScout device. D:
the NIRScout’s array of optical components supporting 28 measurement locations.

The prototype fNIRS device contained both long-path (3cm from the detector; 745 and
850nm), as well as short-path (8mm from the detector; 735 and 850nm) channels. The collection
of short-path readings has been shown to improve fNIRS measurement of cerebral
hemodynamics by allowing for the removal of information reflecting hemodynamic activity
superficial to the brain (i.e., within the scalp)'!. The long-path LEDs were attached to the
headband by individually articulating springs (Figure 1-A), allowing the device to adjust to the
shape of users’ heads in the sagittal plane, while the use of a flexible central band (which
contained the SiPDs and short-path LEDs) allowed for adjustment in the coronal plane.
Importantly, all optical components (i.e., LEDs and SiPDs) were butt coupled to light pipes

which enabled light transmission to and from the scalp. These light pipes were of a relatively low
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durometer compared to traditional fiber optic cable, allowing them to be “worked through hair”
by simply shuffling the device back and forth on the head, whilst remaining comfortable despite
making secure contact with the scalp. This combination of parts that are fixed in place and one-
size-fits-all, yet flexible, and “softer” light transmitting parts than is typically utilized in fNIRS
systems, serve to solve the challenges to gaining fNIRS measurements through hair (discussed in
the Introduction) in a way that may enable measurements to be taken without experimenter

intervention.

The NIRScout system contains 8 LED sources and 16 avalanche photodiodes which can
be placed in customized configurations to measure from different regions of the brain, including
the ability to take short-path measurements at all detector locations. In the present study the
‘motor montage’ specified by the manufacturer was used (see Figure 1-d), as this montage
includes 28 measurements across the same sensorimotor areas the fNIRS prototype’s

measurement grid spanned.

3.2.3 Experimental Procedure

In a single experimental session, participants completed a demographic questionnaire, the
Edinburgh handedness inventory, and three simple motor tasks: (1) left- and (2) right-handed
ball-squeezing tasks, and (3) a seated marching task. Participants completed 10 trials of each
task, completing a total of 30 trials in a randomized order. Each trial consisted of a 10 second
active period and a 30 second rest period. During all tasks, participants were seated in a chair
with their fingers affixed into the finger holes of a pliable, foam-like exercise ball. Auditory and
visual cues instructed them to either squeeze the left or right ball at approximately 1 Hz, or to
raise and lower their heels off the ground at approximately the speed of a typical walking pattern,

alternating their left and right heels. For the ball-squeezing task they were instructed to use
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moderate force—enough so that the ball deforms, but not so much that they experience muscle
strain or fatigue. Given a requirement of an ergonomic fNIRS system to be comfortable for the
user, participants were asked to quantify, on a 10-point Likert scale, the level of discomfort/pain
felt while wearing the prototype fNIRS system (approximately one hour across both
measurement locations the fNIRS prototype was used at). The scale was anchored by the
descriptors ‘No pain/discomfort at all’ (1) and ‘Almost too painful to continue’ (10). The
continuum of responses also included the descriptors ‘moderately uncomfortable’ (3), ‘quite
uncomfortable and/or slightly painful’ (5), and ‘moderately painful’ (8).

Participants completed these blocks of 30 trials under three conditions where the fNIRS
measurements being taken differed: two while fNIRS measurements were taken with a prototype
fNIRS device (at two measurement locations) and one while measurements were taken with the
NIRScout fNIRS system (NirX, https://nirx.net/nirscout). While both measurement conditions
utilizing the prototype fNIRS device were completed sequentially, the order of which system was
used first was counterbalanced across participants. The order of the two measurement conditions

using the prototype fNIRS system was also counterbalanced.

3.2.4 fNIRS Acquisition and Pre-processing

Both devices had short-path emitters co-located with all detectors, thus acquiring one
short-path measurement for every long-path measurement taken. The system-wide sample rate
was 5.4 Hz for the fNIRS prototype, and 7.8 Hz for the NIRScout.

The Temporal Derivative Distribution Repair!? (TDDR) algorithm for removal of motion
artifacts was applied to all signals. Where the TDDR algorithm has been observed to perform
best when high-frequency instrument noise is first removed, we applied a 2Hz low-pass filter to

all data before performing TDDR. Data were then bandpassed to the cardiac pulse band (0.5Hz
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to 1.5Hz), and delays in the manifestation of the pulse were computed across paths (arbitrarily
selecting a reference path, which was treated as having no delay). This procedure was repeated
(starting with the TDDR output each time) to measure delays in the bands associated with
respiration (0.15Hz to 0.30Hz) and Meyer waves (0.05Hz to 0.15Hz). Only the data from the
850nm signal on a given path was used to calculate these delays, as it can be assumed that while
delays vary from path to path, they should be the same for each wavelength on a given path.

Next the data were converted from received light levels to relative concentrations of
AHDbO and AHb using the modified Beer Lambert equations'® (with the mean of the 10s
preceding task onset used as the reference necessitated by these equations). Data from the short-
paths (for AHbO and AHD separately) was then submitted to a structural equation model to
estimate latent common influences (similar in spirit to the use of Canonical Correlation, which
has previously been used to similar effect!#). This was performed four times, first on the
unfiltered AHbO and AHb, then on the same data after filtering to each of the three ranges of
expected frequency content (cardiac pulse, respiration, Meyer waves); for the data in each of
these three distinct, physiological-signal-approximating bands, the previously estimated delays
were removed by interpolation prior to estimation of the latent common signal. The resulting
four latent common signals were then regressed out of all long-path and short-path AHbO and
AHD channels, thereby removing influence of these common signals of any magnitude.

Next (again, for AHbO and AHb separately) the short-path data were again filtered to the
frequency bands of expected noise signals (cardiac pulse, respiration, Meyer waves), whereupon
the previously estimated delays were again removed by linear interpolation; these delay-
corrected short-path signals, together with the unfiltered short-path data, were then regressed out

of the data from their associated long-path channel.
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Each long-path channel was then bandpassed to the expected frequency range of the
BOLD response (0.01Hz to 0.1Hz) and Correlation-Based Signal Improvement (CBSI)!® was
used to subtract any residual noise from the AHbO data. After this the CBSI-corrected AHbO
was again bandpassed to the BOLD frequency range, and finally baselined to the mean of the 5s
period preceding the onset of the task.

It should be noted that prior to filtering throughout these procedures, the signal was
padded at both the beginning and end with a time-reversed copy of itself that was in turn linearly
attenuated to zero at the new beginning and end. A first order Butterworth filter was then applied
to both the padded signal and a time-reversed copy of the padded signal, and after un-reversing

the output of the latter application, the two outputs were averaged and padding removed.
3.3 RESULTS

3.3.1 Comfort Questionnaire Results

Overall, participants indicated a low level of discomfort with the prototype fNIRS device,
evidenced by an average response of 2.07 (SD — 1.01). This value indicates responses fell

squarely between ‘No pain/discomfort at all’ (1) and ‘moderately uncomfortable’ (3).

3.3.2 fNIRS Analysis & Results

After pre-processing, the data consisted of multiple trials of timeseries for each task
condition at each location for each system and each participant. To visualize a representation
related to an average timeseries across participants in each task, location and system, we first
collapsed across trials (within each task, location, system and participant) to a mean timeseries
using a Generalized Additive Model (GAM), where GAMs are a powerful tool to characterize
timeseries data in a manner that flexibly accommodates non-linearity in a data-driven manner.

Specifically, we fit the GAMs by generalized cross-validation, yielding a single timeseries per fit
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(i.e., for each task, location, system and participant), whereupon GAM is again employed to

obtain a timeseries that reflects a mean across participants, and specifically the 95% confidence

ribbons of a mean time course across participants (see Figure 2). For all three tasks and both

fNIRS systems, the expected increase in AHbO at the onset of the task period was observed: i.e.,

a lateralized AHbO increase in both unilateral hand squeezing tasks (towards the hemisphere

contralateral to the hand being used), and an increase at medial locations in the marching task.

These distributions of AHbO values conform to our neuroanatomically informed priors—of

contra-lateralized data in the unilateral upper-extremity tasks, and bilateral lower-extremity

tasks.

Left-hand
Squeezing

Marching
in place

Right-hand
Squeezing

Figure 3-2. AHbO timeseries (95% confidence ribbons) plotted at all measurement locations
within each system (facet rows) and for each task (facet columns). Plots at each location are
scaled to have common axes, the grey band marks the task period and the black line marks the
mean of the period preceding the task.

We next proceeded to a full Bayesian characterization wherein we trimmed the data to

only the task period and sought to model a linear slope (given the expectation of a monotonic

increase in AHbO during the task period) during this period on each trial. We opted to model

each location, system and task independently with a 3-level hierarchical model in which the

mean slope for a given subject (Usubject) Was a random normal deviate from a group mean slope
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(Keroup): Hsubject ~ normal( Leroup , Osubjs), the slope for a given trial (Ugia) Was a random normal
deviate from the participant’s mean slope: [luial ~ normal( psubject , Otrials), and finally, the
observations through time on a given trial were random normal deviates from that expected
given the trial slope: obs ~ normal(time X [uial , Gobs). Weakly-informed priors for all parameters
were employed such that the gross variability observed in the data (quantified by computing the
standard deviation across all datapoints, SDops) informed on the general scale of the parameters.
Specifically, pgroup ~ normal( 0, SDobs ), Gsubjs ~ weibull( 2, SDobs ), Gtrials ~ weibull( 2, SDgbs ),
Gobs ~ weibull( 2, SDgbs ). The model and priors were expressed in Stan'é, permitting use of the
cmdstan Markov chain Monte Carlo (MCMC) sampler to generate posterior samples reflecting
the posterior probability distributions on the model parameters given the model structure, priors
and observed data. Diagnostics for all sampling runs were evaluated to ensure that no samples
encountered divergent transitions, all chains showed exhibited convergence (rhat<1.01) for all
parameters, and no parameters exhibited low effective sample size for tail quantities.

Posterior samples for the group mean slope were obtained for each task (Figure 3).
Consistent with the previous figure, we see the expected contralateral activation during the
squeezing tasks and medial activation during the marching task, again with rather more spatial

selectivity in the NIRScout system compared to the fNIRS prototype system.

Left-hand Marching Right-hand
Squeeze In Place Squeeze

Slope
during
task
0.15
0.10
|||||||||||||||||||||| |||||||||||||||||||||| |||||||||||||||||||||| )
0.00
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Figure 3-3. Topographic maps of group mean slope (in units of mMol/mm?) during task. Colors
indicate posterior median, locations with posterior distributions in which zero falls outside the
95% credible interval are marked with an asterisk.

Next we sought to compare the measurement performance of the fNIRS prototype system
and NIRScout system by comparing their respective Signal-to-Noise Ratios (SNRs). Using the
slope during the task period as the numerator and ouiais (variability in slope across trials) as the
denominator. Such an SNR calculation is analogous to the various ‘contrast-to-noise’ approaches
often employed in fMRI analysis'’. Moreover, since the topography of a given subject might not
reflect the same patterns as the group topography shown in Figures 2-3, the computation of
posteriors for all SNR values was achieved by first finding the location (in each task and system)
that had the maximum median posterior slope for that participant. Then, for each sample in the
posterior from that location, that participant’s slope was divided by that sample’s value for Guiats,
yielding a value for SNR, for each sample in the posterior for that participant. These participant
SNRs were then collapsed to a mean in each sample in the posterior for each task and system
(see Figure 4, three left-most figures). With these SNR values (reflecting the size of the
measured response proportionate to the variability of that response across trials) generated, a
difference ratio was then calculated between the SNR values for each fNIRS system within each
motor task (see Figure 4, right-most figure), by dividing the SNR of the fNIRS prototype system
from that of the NIRScout system; a value of 1 therefore indicated no difference between the two
SNR values. The 95% credible interval for the SNR difference ratios between fNIRS systems for
all tasks were found to include a ratio of one, suggesting no evidence of significant differences

between the fNIRS systems.
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Figure 3-4. Posterior distributions for SNR in each task for each fNIRS system as well as the
SNR difference ratio between fNIRS systems (right-most pane)—i.e., the SNR of an fNIRS
prototype system divided by the SNR of the NIRScout system (with 1 meaning no differences).
Grey violins depict the mirrored density-smoothed distributions, black dots depict the posterior
median, thick white rectangles depict the 50% credible interval and thin white lines depict the
95% credible interval. Red bands in the ratio plot depict the range of ratios from 0.95 to 1.05.

3.4 DISCUSSION

The present study tested the validity of data collected at the motor cortex during
unilateral upper- and bilateral lower-extremity movement from a prototype fNIRS system; it also
compared these data to that of an established fNIRS system. The prototype fNIRS system had
been designed to enable measurements from sensorimotor regions to be taken independently,
employing a novel wire- and fibreless design; thus the present study compares the validity of
fNIRS data from such a device with an fNIRS system which utilizes the traditional full headcap
form factor. Healthy adults >50 years of age were selected as participants in order to be
representative of stroke survivors, given that the final version of this device endeavors to provide
at-home sensorimotor BCI feedback during physical rehabilitation. The fact that both fNIRS
systems used in this study showed the expected pattern of increased AHbO values across the
motor cortex in all three tasks (i.e., contra-lateralized increases in the unilateral upper-extremity

tasks, primarily medially located increases in the bilateral lower-extremity task) indicate that
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data from both fNIRS systems are valid (see Figure 2). Moreover, the 95% credible interval of
the ratio comparing SNR values from these two fNIRS systems included a ratio of one (i.e., no
difference) for all three motor tasks (see Figure 4); therefore, these data do not permit us to make
any claims about the superiority or inferiority of one system compared with another. And finally,
results from the participant self-rating about the presence of any discomfort or pain while
utilizing the fNIRS prototype indicated this fNIRS prototype is feasible for long periods of
continuous use. While preliminary, together these results suggest the novel {NIRS prototype
tested herein provides equivalent measurements of activity from the motor cortex during simple
upper- and lower-extremity movements compared with an established fNIRS system.

However, there were notable differences in the spatial specificity of the increases in
AHDbO observed between these two fNIRS systems. In the upper-extremity tasks, the prototype
fNIRS system had a reliable level of AHbO increase (denoted by the presence of an asterisk at
that location in Figure 3) across all 20 contra-lateral measurement locations, as well as 5 (in the
left-handed task) and 2 (in the right-handed task) at ipsilateral locations; while the NIRScout
system only showed this reliable increase in AHbO in 4 (right-handed movement) and 5 (left-
handed movement) of a total 14 possible contra-lateral measurement locations, with none in the
ipsilateral hemisphere. Likewise, in the lower-extremity task, the fNIRS prototype showed a
reliable increase at 20 of 40 possible measurement locations, with the NIRScout system showing
this reliable AHbO increase in just 4 measurement locations. While both fNIRS systems do show
responses congruent with our neuroanatomical priors for these tasks (with the largest increases in
AHDO at the most contra-lateral locations for the upper-extremity task, and at medial locations
for the lower-extremity task), these findings suggest the NIRScout system may have greater

spatial specificity compared with the prototype fNIRS system. This may be a result of the
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NIRScout system’s greater reliance on detectors (as opposed to emitters) within its array of
optical components; given that this results in a larger ratio of short-path channels to long-path
channels, it is possible the pre-processing techniques employed in the present study were more
effective in removing extra-cerebral noise from the NIRScout compared with the fNIRS
prototype data, though more work needs to be done to confirm this hypothesis.

These findings are notable given the differences between these two fNIRS systems in
their inherent design: while the NIRScout employs a traditional headcap system, interfacing with
a bundle of fiber optic cables to optimize easy set-up by an experimenter, the fNIRS prototype
tested in this study employs a wireless, fibreless design, with light transmitting parts that allow
for manipulation by the individual on whom measurements are being taken. While other fNIRS
systems have been developed to measure at haired locations on the head without the use of fiber
optic cable, these NIRS systems either still utilize either a headcap form factor'® or employ the
use of light transmission pipes made of high durometer material (e.g., glass!®), making them of
limited use in translation to an fNIRS system meant for independent use. Also of note are the
recent developments in small and wearable fNIRS systems which use silicon photomultipliers
or avalanche photo diodes?! as detectors to obtain fibreless measurements at haired locations on
the head; while impressive, the fact that these fNIRS systems rely on being tethered to a large
unit to provide control and power to its optical components means they are not feasible for
applications requiring independent use. Thus the findings that fNIRS data from each of the
systems used in this study provide equivalent cerebral hemodynamic measurements of both
upper- and lower-extremity movement represents an encouraging step for future development of
ergonomic, user-centric fNIRS systems that are built to measure from parts of the head that

underly hair.
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However, there are several important limitations to this study. Firstly, while the fNIRS
prototype tested in the present study was designed to enable wearers of the device to receive
sensorimotor BCI feedback independent of a second individual assisting with device set-up, the
ability for wearers of the device to set it up independently and take valid measurements was not
tested. As this study involved the fNIRS prototype being set up by the experimenter in a similar
manner as the NIRScout device, the results only provide a validation of this fNIRS prototype’s
ability to collect valid data from the motor cortex; it does not provide validation of its ability to
allow the wearer of the fNIRS device to take valid fNIRS measurements independently. With
that said, the present study provides preliminary support for a ‘valid range’ of measurement
locations within which this fNIRS prototype is capable of taking valid motor cortex
measurements (i.e., ranging from one cm posterior to CZ to 2cm anterior to CZ), given that
within each sagittal row of measurement locations there were locations (primarily at the lateral
measurement locations, as illustrated at Figures 2-3) where an increase in oxyhemoglobin was
found. Moreover, the choice to only include participants >50 years old does make the task of
taking fNIRS measurements through hair easier (since follicular density is a major factor in the
ability to get good fNIRS measurements on haired parts of the head??, and this value negatively
correlates with age??).

In conclusion, while preliminary, these data provide an encouraging indication this
fNIRS prototype is indeed capable of taking valid fNIRS measurements during both upper- and
lower-extremity movement, to a comparable degree as an established headcap and fiber optic
cable based fNIRS system. Given that this ergonomic fNIRS prototype’s design may be further

adapted to allow for independent fNIRS measurements to be taken, this study represents a
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transitionary but important step towards the development of a device capable of enabling users to

independently take sensorimotor fNIRS measurements.
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Chapter 4 - AXEM HOME FORMATIVE USABILITY

STUDY

4.0 ABSTRACT

This study investigated the potential usability and utility of a preliminary set of
prototypes which together approximate the projected user experience of the Axem Home.
Twelve chronic stroke survivors (age: m = 62.18, sd = 11.77; months since most recent stroke: m
=63.27, sd = 41.51) participated in a formative usability study either in their homes or at the
offices of Axem Neurotechnology. Participants were asked to attempt to don a surface model
prototype approximating the form factor of the Axem Home (AP-LL), and subsequently to
perform a rehabilitation session using a prototype version of the Axem Home software app while
fNIRS measurements were taken with a working Axem Home fNIRS prototype (AP-2).
Following these tests participants completed a usability questionnaire and interview to
investigate their perception of the usability and utility of the prototypes employed in the present
study. Results suggested that all aspects of these Axem Home prototypes were feasible for use,
though all still required improvement in order to satisfy the user needs (UN) associated with the
Axem Home—placement of the AP-LL was feasible, however the majority of participants failed
to place the device within the desired range to optimally achieve motor cortex measurements;
participants reported the fNIRS prototype as moderately comfortable during ~30 minutes of use,
suggesting its use in this population is feasible though requires improvement; participants
reported that use of the prototype software was moderately easy to use, though this tepid
response (together with the fact that not all features of the eventual Axem Home product)

suggests more work is needed to improve usability; and finally, participants reported that they

111



would find the Axem Home useful in helping them perform at-home rehabilitation, though the

unblinded nature of this study necessitates that these responses only be considered preliminary.

4.1 INTRODUCTION

4.1.1 Background

Prior to having representative users conduct rehabilitation sessions independently with
prototypes of the Axem Home, it is important to gain a preliminary understanding of the level of
usability of Axem’s prototypes while development remains ongoing. The purpose of usability
studies, broadly, are to help the developers of products make informed decisions about how they
might improve their current prototype in the pursuit of a usable final product. A ‘usable’ product
is one which its intended users are willing to use, and which allows those users to achieve their
goals!. Formative usability studies are formal experiments conducted on prototypes of products
or product features that are still in the design phase; formative usability studies are meant to help
the product’s developers gain a better understanding of some narrowly defined aspect of its
usability. In the development of a medical device, formative usability studies are meant to be
followed by a summative usability study, which is meant to verify that a production equivalent
prototype (or a product that the designer presupposes to be a final design) meets all relevant
usability requirements.?

The purpose of this first formative usability study is to identify challenges that must be
overcome to initiate a clinical pilot where representative users would be using Axem Home
prototypes independently, as well as to determine how feasible the current preliminary fNIRS
and software prototypes designed by Axem would be for independent use in a home

environment.
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4.1.2 Axem Home Use Specification

The use specification of a product refers to a summary of a product’s intended use, users,
and use environments; it is considered best practice to define the goals and results of a usability
study in reference to this specific contextual information®?, and for this reason the Intended Use,
Patient User Description, and Use Environment sections of Axem Neurotechnology’s design
history file (as of the initiation of this study) are included in this section.
4.1.2.1 Intended Use

The following is a draft of the Intended Use of the Axem Home system, as it has been
presented to the regulatory bodies for preliminary evaluation:

Axem Home is intended to facilitate upper-extremity rehabilitation for adult patients who
have experienced a cerebrovascular accident or “stroke”.

The device is comprised of software and hardware. The software guides patients through
health care professional-approved exercises, and the hardware measures a patient’s performance
and progress via functional near-infrared spectroscopy (fNIRS) monitoring of cortical activation
via the cortical hemodynamic response during exercises focused on the injured upper extremity.

The Axem Home includes software that allows a health care professional to monitor
progress and modify prescribed exercises remotely based on these and other data available to the
health care professional. Axem home is intended to be used in a professional healthcare facility
and at home when prescribed by a qualified health care professional.
4.1.2.2 Patient User Description

Axem Home is targeted for (but not necessarily limited to) survivors of stroke who are
left with one-sided movement impairment (i.e., “hemiparesis”). Users can include adult patients

(i.e., 18+) deemed by the prescriber to benefit from rehabilitation for movement impairment of
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neurological origin (e.g., acquired brain injury). Potentially, though not necessarily, this will
include older adults who may be experiencing paralysis, and/or suffering from mild cognitive
impairments.

Patients need not be able to don the device themselves or interact with the Axem Home
App if used in the presence of a caregiver (family member or otherwise) — however for patients
deemed by their prescriber as capable of using the product independently, the device will be
designed so that it can be put on with one hand. Patients need the device to be comfortable; at the
very least, patients or their caregivers must be able to easily put it on; they need any instructions
received from the product to be clear, concise, and simple; and they need any data they are
exposed to from the device to be easily understandable (again clear, concise, and simple).

Patient users may be aided by a caretaker; in the case that a patient is cognitively
impaired (<24 on the Mini-mental state examination?), a caregiver is assumed to be helping the
patient user in order for the Axem Home to meet the patient user needs. While the term “patient”
may imply that the user is currently under the care of a HCP, Axem is designed to be usable
outside the circle of care of such a professional (e.g., without remote monitoring).
4.1.2.3 Use Environment

The primary environment for use is the patient’s home. The device may also be used in
an inpatient or outpatient rehabilitation center or clinic. Such a facility may be part of a larger
public or private hospital or a smaller privately-owned establishment (e.g. a physical therapy
clinic). In all environments it is expected that users are adequately capable of following
instructions for the appropriate placement of the device, including ensuring adequate power and

cleaning, and basic operation of the device via the provided software.
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4.1.3 Research Questions

The purpose of this first formative usability study is to determine how representative
users of the Axem Home perceive the usability of preliminary Axem Home prototypes, to
determine whether these users would use the device and/or recommend usage of the device to
other representative users, and to gather feedback that will help Axem improve its design in
subsequent Axem Home prototypes. The primary questions of this study were:

1. To what degree are users able to successfully don the Axem headset?

2. To what degree are users able to successfully navigate through a session using the Axem

app?

3. To what degree do users perceive the product (i.e., the prototypes in their preliminary

state) as usable?

4. To what degree do users perceive the product as useful?

These primary questions were posed in order to evaluate prototypes available to Axem
Neurotechnology at the time of the study from the perspective of effectiveness (i.e., how well do
they accomplish their intended purpose), and usefulness (i.e., how useful do intended users
perceive them to be).!> Moreover, each of these primary research questions is directly related to
a User Need (as defined in the Axem Home’s design history file as of the initiation of this study;
see Appendix C for full list of User Needs) that is critical to the core functionality of the Axem
Home headband (i.e., to support at-home upper-extremity rehabilitation for stroke survivors),
and thus critical to address as soon as possible through preliminary prototypes, since insight into

the performance of the most preliminary prototypes may result in substantial changes in design.
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4.1.4 Axem Home prototypes used in present study

The functioning Axem Home hardware prototype available at the time this study took
place (AP-2) was not designed for independent use, and thus testing utilized AP-2 (as described
in Chapter 2) when participants were testing the Axem Home software (to investigate feasibility
associated with donning an active fNIRS device during rehabilitation exercise, as well as to
attempt to include and investigate the feasibility of providing brain activity through the prototype
software), and while for testing the usability of the Axem Home headband, a model more closely
approximating the final form factor of the Axem Home—a ‘looks like” model for the Axem

Home—was used (referred to as AP-LL; see Figure 4.1-A and section 4.1.4.1 for more

information).

A

Figure 4-1. (A) AP-LL prototype used in the present study, together with the visual cue (red line)
used as an overlay for the instructions that were presented to participants in the present study.
(B) A revised version of the visual used for the instructions for AP-LL placement used for latter
participants.

4.14.1 AP-LL
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The design of the AP-LL prototype was meant to approximate the look and feel of the
functional prototype that would follow AP-2 in development. Thus, it was the product of several
constraints and requirements (many of which are included in the User Needs outlined in
Appendix C). Having validated the performance of AP-2 (see Chapter 2), and (in the time since
designing AP-2) having decided to focus on measuring cortical activity associated with upper-
extremity movements only, AP-LL then needed to be capable of supporting the similar fNIRS
measurement capabilities (i.e., providing analogous power to analogous optical components
housed in an analogously flexible manner) as per AP-2, with the important exception that it did
not need to measure from the medial measurement positions AP-2 was capable of measuring
from.

Of particular importance in the present study, AP-LL was designed to order to be donned
with one hand (UN-13 in Table 4.1) and placed in the correct place on the head (UN-9 in Table
4.1). While the final product will need to be tolerable to wear for a minimum of 30 minutes (UN-
P-4 in Table 4.1), this was not the focus of AP-LL, as it was decided that gaining preliminary
validation on its ability to meet UN-13 and UN-9 (see Table 4.1) was of higher priority.
4.1.4.2 AP-2

As mentioned above, AP-2 (described in Chapter 2) was used in the present study in
order to take fNIRS measurements while representative users performed a rehabilitation session
using prototype Axem Home software.
4.1.4.3 Axem Prototype Software (AP-S)

The Axem Prototype Software (AP-S) utilized in the present study was an android app
that participants utilized on a 10” Samsung Galaxy Tablet. AP-S allowed participants to select

various exercises to complete (Figure 4.2), then guided them through completion of those
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exercises through first-person videos that the participants were instructed to follow along with
(Figure 4.3), interspersed with rest periods where participants were shown feedback based on the
brain activity readings taken from AP-2 (Figure 4.4-A). Given that AP-S was designed for use by
stroke survivors (who may be experiencing some level of cognitive impairment and/or aphasia),
the user interface design for AP-S endeavoured to convey only what it needed to, opting for
minimalism in the pursuit of clarity. It also strived to express all affordances with the least
amount of text possible (given the possibility for cognitive overload in stroke survivors with
even minor cognitive impairment®, as well as linguistic-specific challenges for stroke survivors
with aphasia®). For example, the exercise selection screen (Figure 4.2) was clean, sparse, and
intended to be clear with respect to the affordances available—opting to represent each exercise
with a large icon that spanned the length of the tablet’s screen; while this did require a stroke
survivor to scroll up and down to browse the exercises, it allowed for all buttons and text to be
relatively large. Moreover, the number of exercises available (five: ball squeeze, coin pick up
and place, jar lid twist open and close, towel push, and shoulder raise) were chosen to provide a
small amount of variety but were limited in order to avoid overwhelming the stroke survivor
with a long list of choices to scroll through. Specifically, this screen enabled stroke survivors to
scroll through all available exercises, preview an exercise (whereby the video for the exercise
would play for ~5 seconds before closing), or select an exercise. The screen also indicated how

often during that session the stroke survivor had completed the exercises.
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Figure 4-2. Final iteration of the ‘exercise select’ screen of AP-S.

Figure 4-3. Representative stills from videos that play during rehabilitation exercises. While
these videos played participants were instructed to follow along with the movements in the video
(or imagine movement if they were not able to approximate the movement at all).
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Figure 4-4. Left pane (A) - Representative illustration of the ‘rest period’ feedback that would
display in between active periods of rehabilitation exercise. A ‘brain activity score’ (see section
4.2.4) was displayed to the participants while a countdown to the next active period counted
down. Right pane (B) - Representative illustration of the ‘exercise summary’ screen that would
display following the completion of all trials for a particular exercise the participant had
selected. Participants were also able to rate their perceived challenge and enjoyment associated
with that particular exercise, using a visualized Likert scale.

Likewise, the screen during exercises (i.e., when stroke survivors are intended to be
performing rehabilitation exercises, either physically or through motor imagery) only showed the
first-person video of upper-extremity movement (Figure 4.3), and the screen during rest periods
(which was displayed in between exercises) displayed a single brain activity metric as a
percentage, as well as an accompanying heatmap overlaid on a simplified glass brain (Figure 4.4,
left pane). The screen that displayed at the end of an exercise was the one screen that contained
>3 affordances, as it gave stroke survivors the ability to indicate how difficult and enjoyable that
exercise was, to indicate whether they’d performed the exercise physically or through imagery,
and (required to leave the screen) to decide when to progress back to the exercise select screen
(Figure 4.4, right pane); in addition to these affordances, this screen displayed an average of the
brain activity scores the stroke survivor had received throughout that exercise (again expressed
as a percentage), as well as an accompanying topographical map illustrating this brain activity

level overlaid on the simple glass brain.
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4.1.4 Study Design Overview and Rationale

As outlined above, the present formative usability study was completed with preliminary
prototypes of the Axem Home that necessitated that the protocol be comprised of two separate
simulated user tests—firstly, participants were asked to don AP-LL, and following this,
participants were asked to complete a rehabilitation session using AP-S (while fNIRS data was
being collected with AP-2, which was set-up by the experimenter). These simulated user tests
(further described in sections 4.2.4.1 and 4.2.4.2 below) are examples of ‘task success’-based
usability evaluation methods (i.e., evaluating usability based on participant’s ability to complete
the tasks provided), which are considered to be the optimal method of assessing questions of
effectiveness (see the “Method Evaluated in the Present Study” column of Table 4.1 for more
information).! Following these two user tests participants were asked to complete a usability
questionnaire (see Appendix D) based on the technology acceptance model.” This questionnaire
was designed to further assess these prototypes’ effectiveness (via questions which closely
mirrored those intended to asses “perceived ease of use” in the technology acceptance model”),
as well as participants’ perception of their usefulness (via questions which closely mirrored those
intended to asses “perceived usefulness” in the technology acceptance model’). And finally,
following this, participants were asked to complete a semi-structured usability interview (see
Appendix D) which asked participants their opinion on specific features of the Axem Home
prototypes used in the study, and allowed for follow-up on the results of the two simulated user

tests, as well as the participant’s responses to the usability questionnaire.
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Table 4-1. User Needs addressed in some capacity in the present study.

" Research Question in

and concise user instructions

Specific questions (asked through the Usability Interview)
related to misunderstandings or sub-optimal occurrences in the
AP-LL and AP-S testing.

Feasibility of the AP-LL testing

T
| q
User Need Present Study | Method Evaluated in Present Study
1
1
UN-1 - Patient users need device headband to :
collect valid fNIRS data from the motor cortex wa | Preliminary evaluation provided through analysis of fNIRS
while they perform a reasonably wide variety of I data collected (see Chapter 5).
seated upper-body movements !
1
1
1
1
1
1 Feasibility of both AP-LL and AP-S testing.
1
UN-14 - The Device shall be provided with clear wa L o L.l
1
1
1
1
1
1
1
1
1

UN- 3 - Patient users needs the device headband
to be safe and usable in their home environment.

To what degree are
users able to
successfully don the
Axem headset?

usability questionnaire question "How comfortable did you
find the Axem Home prototype?"

How difficult was it to place the Axem Home surface model in
the correct position?

UN-4 - Patient users need to tolerate wearing the

Feasibility of AP-2 testing for >30 minutes

device headband for at least 30 minutes n/a : ——————————————————————————— ':
int ted, and 45 minut h day.

unimiertupted, a frites eac day I usability questionnaire question "How comfortable did you !
: find the Axem Home prototype?" :
e e e e e e e e e e e e e e e e e = 1
1 o . 1
, Feasibility of the AP-LL testing performed .
T
1

UN-9 - Patient users need to be able to |

consistently and correctly place the device 1 o .

headband on their heads. UN-13 - The device will a  Feasibility of the AP-LL testing

be designed so that it can be donned with one hand :
1
1
1
| Measurement results of AP-LL testing

UN-13 - The device will be designed so that it can wa 1

be donned with one hand

How difficult was it to place the Axem Home surface model in
the correct position?

UN-10 (1) - Patient users need to navigate the
device app in order to conduct rehabilitation
sessions

To what degree are
users able to
successfully navigate
through a session
using the Axem app?
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usability questionnaire question: How difficult was it navigate
the Axem Home app?

How useful did you find the video provided during movement
periods?

To what degree are
users able to
successfully navigate
through a session
using the Axem app?

UN-11 - Patient users need to understand the
feedback they receive during rehabilitation
sessions.

usability questionnaire question: "How did you find the
feedback provided during rest periods?”

Usability questionnaire question: "How did you find the data
presented in the ‘Session Review’ screen?"

To what degree do

Using the Axem Home would cause me to spend more time
doing rehabilitation exercises.

If you had access to the Axem Home, how often do you think
you would use it?

1 Using the Axem Home would help me do rehabilitation

exercises better.

n/a users perceive the e e e e e e e e e e e e e e e e e e, e e, =
product as useful? : I would recommend using the Axem Home to another stroke
, survivor.
i
1 I would find the Axem Home useful.
e e e e e e e e e e e e e e e e e e e e = =
: How useful did you find the feedback provided during
, movement periods?
4.2 METHODS

4.2.1 Note on COVID-19’s impact on the present study

It should be noted that the approved research ethics for the present study specified that 30

participants would be included, and that participants might be offered the opportunity to

complete subsequent sessions if they were willing and it was deemed feasible and useful for the

study sponsor, Axem Neurotechnology. However, due to the public health risk represented by

the COVID-19 pandemic, data collection was paused in March of 2020; and while data

collection could have technically begun months later, due to uncertainty about the pandemic, as

well as the study’s structure being suboptimal for the immediate post-pandemic period (i.e.,

involving experimenters entering the homes of predominantly elderly individuals) the study’s

sponsors decided to discontinue the study. This is the reason only 12 participants were included

in the results reported herein. Moreover, during the course of the study, only 2 participants

engaged in subsequent sessions (with one participant completing four and another completing
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two); as longitudinal data was obtained from a small sample and had a limited number of

observations, its inclusion was not warranted.

4.2.2 Participants & Inclusion Criteria

Twelve self-reported stroke survivors were recruited from the Halifax Regional Municipality
and the surrounding area. Participants were recruited via word of mouth and internet
advertisements. The study was approved by Veritas IRB.

Participants were required to self-report having previously experienced at least one stroke,
and to be currently experiencing hemiparesis of the upper-extremity (e.g., self-reporting
unilateral weakness or limited function in the stroke-affected limb). The inclusion criteria for this
study was left intentionally broad, to ensure a varied population was represented in this, the first
formative usability study for the Axem Home. Inclusion criteria were:

1. Self-reported stroke survivor.

2. Self-reported hemiparesis of the upper extremity.

3. >17 years of age

4. Score >16 on the Mini mental state examination (MMSE) or (if they do not score >16
on the MMSE and <14 on the Language Screen Test (LAST)) >19 on the Cognitive

Assessment for Stroke Patients (CASP).

4.2.3 Measures

4.2.3.1 Mini mental state examination

The MMSE contains 30 questions designed to identify whether individuals are
experiencing cognitive impairment. The MMSE takes about 10 minutes to complete and was
administered by the experimenter. The cut off for participation used in the present study was the

level set for administration of the stroke impact scale (SIS; see “6.5 — Stroke Impact Scale”
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below) — that is, a score of 16/30 (53%)%— to ensure participants are capable of following
instructions and providing valid feedback.
4.2.3.2 Cognitive Assessment scale for Stroke Patients

While the MMSE was utilized due to its clinical ubiquity (particularly in the United
States), a low score on the MMSE may be due to aphasia rather than cognitive impairment.
Given that Axem may be able to design its software to be usable by stroke survivors living with
aphasia, it was not desirable to exclude stroke survivors who were experiencing aphasia
symptoms but were otherwise cognitively intact; for this reason, participants with a score <16 on
the MMSE, who also scored on the <14 on the LAST, (indicating the presence of significant
aphasia symptoms) were then administered the Cognitive Assessment scale for Stroke Patients
(CASP), which has been designed to assess cognitive impairment without using language. *-1°
The CASP contains 36 items designed to identify whether individuals are experiencing cognitive
impairment. The CASP takes ~10 minutes to complete and was administered by the
experimenter. The cut off for participation in this experiment was a CASP score of >19, a score

which has been shown to be equivalent to a score of 16 on the MMSE!!12,

4.2.3.4 Demographic Questionnaire
Participants were given a brief demographic questionnaire that asked them the following
questions:
1. What is your age?
2. How many strokes have you had in total?
3. When did your most recent stroke occur?
4. In which arm do you experience weakness, spasticity or paralysis?

5. What was your dominant hand before your stroke?
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4.2.3.5 Head Measurements

In order to characterize the accuracy of the placement of the AP-LL prototype, to ensure
the AP-2 prototype was placed in the same position across participants, and to potentially
understand the effect of different head shapes and sizes on the performance of these prototypes,
the following measurements were recorded: nasion-to-inion distance, tragus-to-tragus distance,
and head circumference.
4.2.3.6 Stroke Impact Scale — Hand Domain (SIS-Hand)

Participants were asked to complete the SIS-Hand, which is comprised of five questions
pertaining to their perception of their stroke-affected hand function. The SIS is a well-established
stroke specific health status measure that is appropriate for self-report and does not require
training to administer.®
4.2.3.7 Fugl-Meyer short form upper extremity section

To provide further context for understanding the results of the usability test, participants
had their function characterized using the Fugl-Meyer short form (FM-12) upper extremity
section — a series of six standardized tasks that span a wide range of difficulty level for stroke
survivors with upper extremity hemiparesis — as it has been shown to adequately assess motor
function of stroke patients while subjecting patients to minimal assessment time (< 10
minutes).!>»!* Assessment of FM-12 items was administered using previously established

standardized procedures. 1316

4.2.3.8 Usability questionnaire and interview
Participants were asked to complete a usability questionnaire, and the experimenter then
followed up with a brief, semi-structured interview about the particulars of the participants use of

the Axem Home surface model and/or the Axem Pro app. The usability questionnaire attempted
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to further clarify the performance of AP-LL, AP-2, and AP-S to satisfy several fundamental User
Needs (see Table 1 for summary of the user needs relevant to the present study and their relation
to the study’s design, as well as Appendix D for full Usability Questionnaire and Usability
Interview) with five- or seven-item Likert scale questions; for example, several questions
presented a statement, then asked participants to indicate their level of agreement, with five items
anchored by ‘strongly agree’ and ‘strongly disagree’; other questions utilized a 5-item question
anchored by ‘Very Easy’ and ‘Very Difficult’ in order to ascertain participants’ perceptions of
the ease of use associated with a particular feature or design element of these prototypes (e.g.,
the use of AP-LL with a single hand, or a particular user interface element of AP-S). The
usability interview consisted of specific questions probing the participants’ opinion on specific
features of the prototypes used; this interview format allowed for impromptu follow-up questions
on the details of the participant’s simulated user tests, as well as their responses to the usability
questionnaire; questions were constrained to those relevant to observations the experimenter had
during the experiment that might have implications for these same user needs. The total time
allotted for the usability interview portion of the experiment was limited to 10 minutes

maximum.

4.2.4 Experimental Protocol

All subjects participated in a single usability testing session that took place in their
homes.
4.2.4.1 AP-LL Simulated User Testing

Participants were asked to place the AP-LL with minimal instructions: simply a photo of
someone wearing it correctly, together with instructions that the white band should be

approximately in-line with their ears (see Figure 4.1 for multiple iterations of the visual
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instruction that were given throughout the course of the study). After the participant placed the
device on their head and adjusted the strap, the experimenter measured the distance from the
nasion to the front of the device; this distance was subsequently compared to the optimal
placement of the device (i.e., such that the center of the device lining up with the C level of the
international 10-20 system!”).

4.2.4.2 AP-S Simulated User Testing

Participants conducted a rehabilitation session using AP-S and AP-2. The experimenter
placed AP-2 on the participants head such that the middle of the device in the sagittal plane lined
up with the C level of the international 10-20 system'’, and adjusted the chin strap so that it was
snug yet comfortable. The experimenter then powered on the AP-2 device and initiated data
collection.

The participant was then prompted to turn their attention to a tablet where the AP-S user
interface displayed the ‘exercise select’ screen (see Figure 4.2), which displayed 6 possible
exercise activities they could engage in; these exercises were selected in order to cover a wide
variety of challenge levels as well as engage all upper-extremity muscles. Participants were
instructed to choose any exercise they like, but that they should choose the ‘fist squeezing’
exercise (see Figure 4.3, left pane for a still frame from this video) as their first choice.

All exercise sessions consist of a 30 second rest period followed by ten 40 second trials,
where participants were instructed to move according to the guidance of the video for 10 seconds
(or imagine moving if they could not), then rest for 30 seconds. During the 10 seconds of
movement, a looping first person video of a person performing a unilateral upper extremity
movement was played (see Figure 4.3). The side of the upper-extremity being moved

corresponded to the side on which the participant self-reported to experience hemi-paresis.
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Moreover, while a feedback signal signifying the level of brain activity in the hemisphere
contralateral to the hand being moved was displayed during rest periods (Figure 4.4-A), the
calculation of this feedback signal was not working as expected throughout this study, and thus
participants were instructed of this and told to not become too fixated or concerned by the values

they saw.

4.2.5. fNIRS Analysis and Feedback Signal

Given that the fNIRS data collected in the present study are analyzed in Chapter 5, the

fNIRS pre-processing and results will not be described in this chapter.
4.3- RESULTS

4.3.1 — Participant Characteristics

No participants were excluded due to a score of <18 on the MMSE (26.45; SD = 4.54;
see Figure 4.5). Participants averaged 2.57 on the SIS-hand (SD = 1.17) and 8.75 on the FM-12

(SD = 3.02)—see Figure 4.5 for visualization of these scores.

MMSE 14
30 - o o
X [ ] ® ®
25 10 °
®
20 ffl 8 .
=
TR
15 °
4 U] )
10
2
5 0
0 1 2 3 4 5
0 SIS-Hand

Figure 4-5. Left — participants MMSE scores; right — participant scores on the SIS-Hand and
FM-12.
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4.3.2 — General Studyv Feasibility

As discussed in section 2.1, the present study was halted prematurely due to the COVID-
19 pandemic, and thus only 12 participants were collected. In 11 of these 12 sessions the entire
protocol was executed without interruption—while all participants were able to don the AP-LL
prototype, one participant did request to prematurely terminate the portion of the session testing
AP-2 and AP-S due to discomfort they felt wearing AP-2. However, this was the only deviation
from the pre-established protocol due to a usability issue—all other 11 participants were able to
complete the protocol, including navigating the AP-S interface in order to conduct several

rehabilitation exercises.

4.3.3 — AP-LL Testing

As mentioned in the preceding section, all 12 participants were able to don the AP-LL
prototype. However, two of the first seven participants tested initially placed the AP-LL on
backwards, and thus required additional instruction to correct its orientation. The instructions
used were subsequently updated to better improve the visual clarity of the distinguishing features
of AP-LL (see Figure 1-A for the original visual used, and 1-B for the updated visual; also see
Appendix E for the full instruction sheets), and this mistake was not repeated by the subsequent
participants. Furthermore, in response to the question “How difficult was it to place the model
prototype on your head?”, with a Likert scale from -2 (very difficult) to 2 (very easy),
participants responded with a mean response of 0.75 (SD = 0.75; see Table 4.3 for full results).
However, when examining the placement AP-LL, we see that only five participants placed the
device in the range validated by the Data Quality Study (discussed in Chapter 2; see Figure 4.5
for visualization of placement results).

Table 4-2. Distribution of answers to the question “How difficult was it to place the Axem Home
surface model on your head?”
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How difficult was it to place the Axem Home
surface model on your head?”

Very Easy (2)
Easy (1)

Neutral (0)
Difficult (-1)
Very Difficult (-2)

S (= N[00 [

Figure 4-6. Locations where individuals placed the AP-LL model in the current study. The
location marked represents the position of the center of the AP-LL model in the sagittal plane.
The green locations represent those measurement locations verified as valid placement locations
in the Data Quality Study (Chapter 2).

4.3.4— AP-S/AP-2 Testing

As mentioned above, 11 of the 12 participants in the present study were able to
successfully complete the entire AP-S/AP-2 testing protocol as intended. The one participant
who declined to complete the protocol cited discomfort in wearing the AP-2 prototype, while all
other participants wore the AP-2 for the duration of testing with the AP-S (at least 30 minutes).
Furthermore, when examining the responses to the question “How comfortable did you find the
Axem Home prototype?”, with a Likert scale from -3 (very painful) to 3 (very comfortable) the

mean response was 0.92 (SD = 1.3 see Table 4.4 for full results).
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Table 4-3. Distribution of answers to the question “How comfortable did you find the Axem

Home prototype?”

prototype?

How comfortable did you find the Axem Home

Very Comfortable (-3)

Comfortable (-2)

Slightly Comfortable (-1)

Neither Comfortable or Painful (0)

Slightly Painful (1)

Painful (2)

Very Painful (3)

OO |[W (= (W ks (==

On questions investigating the ease with which participants were able to use the AP-S to

complete a rehabilitation session, as well as understand the individual aspects of the AP-S

interface, participants answered slightly positively (i.e., more positive than neutral but not

strongly positive). For instance, in response to the question “How difficult was it navigate the

Axem Home app?”, on a Likert scale from -2 (very difficult) to 2 (very easy) participants’ mean

response was 0.58 (SD = 0.40), and answers of a similar valence were given to questions about

the usefulness of the videos shown during the movement periods, as well as the feedback

provided during the rest periods and upon completing an exercise (see Table 4.5 for full results).

Table 4-4. Distribution of answers to the questions relating to the usability of the AP-S software

prototype.

How difficult was it to navigate the Axem

How useful did you find the video shown

Home app? during movement periods?
Very Easy (2) Extremely Useful (2)
Easy (1) Considerable Useful (1)
Neutral (0) Moderately Useful (0)

Difficult (-1)

Slightly Useful (-1)

Very Difficult (-2)

— (O N | (O

Not Useful at all (-2)
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How useful did you find the feedback provided

How useful did you find the data presented in

the summary screen at the end of each

Slightly Useful (-2)

Slightly Useful (-1)

Not Useful at all (-1)

—_ W B | =

Not Useful at all (-2)

during rest periods? exercise?
Extremely Useful (2) Extremely Useful (2) 0
Considerable Useful (1) Considerable Useful (1) 2
Moderately Useful (0) Moderately Useful (0) 5
2
2

4.3.5 — Assessment of Perceived Usefulness

The usability questionnaire used in the present study also contained five questions

assessing the perceived usefulness of the Axem Home system. Four of these questions used 5-

item Likert scales, and on all of these questions the mean response from participants lay between

the first and second most positive response (see Table 4.6). And moreover, participants response

to the 1-to-10-rating question “I would recommend using the Axem Home to another stroke

survivor” (with 1 indicating they definitely would not recommend, and 10 indicating they

definitely would) averaged 8.25 (SD = 1.48).

Table 4-5. Distribution of answers to the questions relating to the perceived usefulness of the

Axem Home system.

If you had access to the Axem Home, how often
do you think you would use it?

Using the Axem Home would help me do
rehabilitation exercises better.

More than 2 times per week

(2) 8 | Strongly Agree (2) 7
2 times per week (1) 1 [ Agree (1) 4
Once per week (0) 3 | Neutral (0) 1
1-2 times per month (-1) 0 | Disagree (-1) 0
Less than once per month (-

2) 0 | Strongly Disagree (-2) 0
Using the Axem Home would cause me to spend

more time doing rehabilitation exercises. I would find the Axem Home useful

Strongly Agree (2) 3 | Strongly Agree (2) 3
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Agree (1) Agree (1)

Neutral (0) Neutral (0)

Disagree (-1) Disagree (-1)

S (O |—= |0
S (O |— |0

Strongly Disagree (-2) Strongly Disagree (-2)

4.4- DISCUSSION

While it is unfortunate the current study was cut short due to COVID-19, strides were
made towards its purpose: to assess the ability of representative users of the Axem Home to
utilize it independently in a home environment, and specifically to identify challenges that must
be overcome to initiate a clinical pilot where users do in fact use a similar prototype of the Axem
Home independently.

For instance, results from the present study suggest that representative users of the Axem
Home are able to place a prototype projected to look and feel like the one used in eminent
clinical pilots (AP-LL) with minimal instructions. However, two of the first seven participants
did place the device in the wrong orientation; and while the subsequent five participants, who
used an updated visual to provide instruction on the orientation of the device, did not make this
mistake, more work is warranted to ensure instructions are sufficiently expressive and clear. In
particular, the second revision of these instructions used were more visually simple, using an
artificial representation of a head and the headband, instead of a photograph of a person wearing
the device (see Figure 1 for the visualizations used in the original and updated instructions).
Moreover, the deficits of the original instructions suggested the text which accompanied the
visualization of the optimal placement of the headband were sub optimal; work conducted in
parallel with speech language pathologists lead to the revision of these textual instructions as
well, with a move away from full sentence explanations and to short, succinct statements

captured in individual bullet points (see Appendix E for the full sets of the original and revised
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instructions). Another learning was that multiple participants (through the usability interview)
mentioned how video instructions would have been preferable to the static instructions provided
in the present study. Moreover, results also showed that placement of the device was
inconsistent, as only 5 of the 12 participants managed to place the device in what would be
considered a valid location on the head (i.e., the S5cm range around the C level of the
international 10-20 system'®, which had been validated by the Data Quality Study, as outlined in
Chapter 2, and the NIRScout comparison study, as described in Chapter 3). This suggests that
further work is needed on the features facilitating adequate positioning of the headband in the
sagittal plane. In particular, these results suggest that the approach of using a single chin strap
together with instructional cues may be deficit, and that the user experience should be dictated
more so by the design of the headband itself rather than instructional cues—thus a re-thinking of
the strapping system is required. For instance, if the device had a strapping system that was sized
in the sagittal plane it might allow users to simply tighten the device and get it in the correct
position consistently, rather than relying on an adequate understanding of instructions. Such as
approach is reflected in the standard approach to risk reduction in medical device development,
where inherent safety by design is strongly favoured over the use of instructions to ensure safety.
While this focus on headband design is likely the most prudent approach to iterate on the AP-LL
design, long-term solutions involving computer vision could also bear fruit—though since these
would also place the burden more so on the user than a design solution targeting the design of the
headband itself, this should not be considered a focus at the present time.

It should also be noted that measurements and instructions in the present study did not
address the symmetry of the headband in the row or yaw planes. Thus, future design and

usability studies should contend with these current deficits in the design of AP-LL and its

135



associated instructions, providing features on the headband and accompanying instruction that
might ensure that users are able to correctly achieve and/or assess and correct the placement of
the headband in all three planes.

With respect to the comfort of the AP-2 device, it was rated as moderately comfortable
on average by the participants in the present study. However, given the small sample size and the
fact that one of the participants was unable to complete the protocol with the AP-2 as intended,
more work is warranted on improving the comfort, given the significant risk of discouraging
repeated use if the Axem Home headband is insufficiently comfortable. While the use of light
guides of a lower durometer than those used in the present study would introduce a trade off with
a reduction in light transmission, there are other more preliminary steps that might be taken to
increase comfort, such as: further optimization of the ‘comfort features’ (Figure 4.6), which are
meant to reduce the pressure on the light pipes by the creation of a ‘bed of nails’ effect—these
features have not been experimented since the move from AP-1 to AP-2 (as described in Chapter
2 of this dissertation), and thus iterating on the material they are composed of, the placement and
orientation within the headband, as well as the geometry of the individual features themselves
would be fertile ground for improvements in comfort. And lastly, given that the present study
was just a single session, it is unknown whether the completion of sequential sessions, repeatedly
over many days, might render the Axem Home headband less comfortable over time; this is

another aspect of comfort testing that warrants further testing.
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Figure 4-7. Images where the ‘comfort features’ (i.e., ridges on the ventral side of the headband,
meant to reduce the pressure felt at the tip of the light guide) are illustrated in both the AP-2 (left
pane; black bumps on the ventral side of the pods denoted with the red arrows) and in idealized
industrial design of the Axem Home (right pane; see the ridge in white lining the ventral portion
of the headband).

Similar to the topics of headband user experience and comfort discussed above, while the
present study provides a preliminary indication that this prototype version of the usability app
(AP-S) is in fact usable by representative users in a home environment, there are several caveats
and nuances that remain open questions. Firstly, while all users were capable of completing a
session of rehabilitation using AP-S, the average response to “How difficult was it navigate the
Axem Home app?” was only modestly positive. This indicates that the app was not altogether
easy or simple to use; and given that AP-S did not include all facets of the final user experience,
or even all features that would be necessary for a preliminary clinical trial—such as connection
to the headband and calibration of the headband—this suggests that improvements in the
usability of the app are warranted. In particular, the suggestion provided by participants
discussed above, the instructions for placement of the headband might benefit from a video
tutorial, may be applicable here as well, as the present study used a static Powerpoint slide-style
presentation of introductory information, which may not be ideal. Furthermore, despite the fact
that participants answered in the affirmative that the videos provided during movement periods

were helpful, the average response was only slightly positive. Moreover, it was observed that
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while some participants used the videos in order to imitate their movements exactly, others
simply used them as a guide, concentrating their visual attention rather on the upper-extremity
being used in the movements; this was not anticipated, and should be factored into the design,
either through explicit recognition in the tutorial, or specific guidance towards one method or the
other. And finally, unfortunately the brain activity feedback signal presented during rest periods
was not working reliably during the present study (and the communication that was made to the
participants to this effect) and thus its effectiveness and utility could not be tested. This
represents a notable omission from the assessment of the complete software component of the
Axem Home system, as while participants were exposed to the brain activity feedback scores
during rest periods and exercise summary screens (Figure 4.4) they were instructed to “not place
too much consideration or concern” on the precise numbers presented (so as to assuage any
worry that something was wrong if the numbers presented were low), as they may not be reliable
in the current study. Thus, while the responses participants provided were a valuable initial
indication that such feedback signals presented at these points in the user experience might be
useful (on average participants rated these feedback signals moderately useful), the optimal
manner in which to introduce these feedback signals, as well as the utility of presenting them
remain open questions. However, it should be noted, that through the responses of the
participants to these feedback signals (both during the AP-2/AP-S testing, as well as during the
usability interview) it became clear that presenting these feedback signals as percentages was not
optimal: they raise the question of ‘what might they have done differently?’ to gain that
explicitly-quantified additional percentage, and in that way have almost a negative or punitive

connotation. Based on these preliminary observations, it seems clear that representations of these
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feedback signals that are not explicitly quantified (i.e., expressing the level of brain activity
through graphical representation alone) might be preferable for this application.

And finally, users provided strongly positive responses to questions assessing the
perceived utility of the Axem Home system for use in the independent performance of upper-
extremity rehabilitation in the home environment; however, as this is one of the core aspects that
upcoming clinical pilots of the Axem Home system are meant to test, no preliminary self-
reported positive affirmation of ‘perceived usability’ should be considered a replacement for real
user data demonstrating actual utility (in the form of actual data showing compliance with use of
the Axem Home system). Moreover, an important limitation of the present study in this regard is
that there was no blinding implemented, and the participants were in fact often aware that the
experimenters were responsible for the construction of the Axem Home prototypes they were
using. This may have led to a bias towards positive responses, and while (as stated above)
measures of utility will not be taken as proof of utility, the lack of blinding in the present study
may have resulted in false positive feedback, with participants exaggerating the perceived utility
of the Axem Home system, and therefore precluding the present study from generating more
insightful and actionable insights on perceived usefulness of the Axem Home system.

Another important limitation is sample size; due to the unforeseen termination of the
study as a result of COVID-19, the sample size collected represents less than half of the intended
number of participants originally intended (i.e., 30); moreover, the sample size of 12 is less than
the minimum suggested by various established international guidelines for usability testing?>!°.
Another limitation of the present study is the fact that the overall user experience of the Axem
Home was artificially broken up into constituent parts: given that the working fNIRS prototype

used in the present study could not be independently operated and donned by the participants.
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This artificial separation of aspects of the user experience which might be otherwise be seamless
limits the ecological validity of the findings surrounding the assessment of the usability of these
preliminary Axem Home prototypes!. Therefore, in addition to the specific improvements
required (discussed in the preceding paragraph), there is a need to blend together all elements of
the Axem Home user experience into a seamless whole for preliminary testing with
representative users. Moreover, the present study also neglected to incorporate other aspects
which will be required in the full user experience, such as turning the headband on/off,
connecting the Bluetooth within the app, calibrating the headband in the app, and charging the
headband.

With all this said, these results suggest the prototypes used in the present study (AP-LL,
AP-2, and AP-S) are usable by representative users. Specifically, these results suggest AP-2 can
be used to of take such measurements in a home environment (see Chapter 5 for a discussion of
these data specifically), that AP-LL may be usable by stroke survivors with a single hand, and
that AP-S is capable of guiding stroke survivors through a rehabilitation session. Therefore, the
present study represents a significant stride towards the realization of a novel achievement in
neuroergonomics—as despite the expansive literature surrounding the application of brain-
computer-interface (BCI) systems to post-stroke physical rehabilitation, no rehabilitative BCI
system has ever enabled stroke survivors to operate it independently. While in the present study
the complete BCI user experience was artificially segregated into discreet tasks (e.g., placing the
headband and operating the software), all core elements of the final Axem Home user experience
were tested in the present study, with some level of feasibility validated for each of them. This
represents a significant step in and of itself, and more importantly, as outlined, it provides an

actionable assessment of where subsequent validation efforts ought to be applied.
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Chapter 5 - MEASUREMENT OF SENSORIMOTOR BRAIN
ACTIVITY IN STROKE SURVIVORS DURING AT-HOME
UPPER-EXTREMITY REHABILITATION: A MOBILE
fNIRS PILOT STUDY

5.0 Abstract:

Improved understanding of the relationship between post-stroke rehabilitation
interventions and functional motor outcomes could result in improvements in the efficacy of
post-stroke physical rehabilitation. The laterality of motor cortex activity during paretic upper-
extremity movement has been documented as a useful biomarker of post-stroke motor recovery.
However, the expensive, labour intensive and laboratory-based equipment required to take
measurements of M1-LAT limit its potential clinical utility in improving post-stroke physical
rehabilitation. The present study tested the ability of a mobile fNIRS system (designed to enable
independent measurement by stroke survivors) to measure cerebral hemodynamics at the motor
cortex in the homes of chronic stroke survivors. Eleven chronic stroke survivors, ranging widely
in their level of upper-extremity motor deficit, performed a simple unilateral movement protocol
(using their paretic upper-extremity) in their homes while a wireless prototype fNIRS headband
took measurements at the motor cortex. Both objective (FM-12) and self-reported (SIS-Hand)
measures of participants’ upper-extremity function were taken. Participants demonstrated either
a typically lateralized response, with an increase in contralateral AHbO, or response showing a
bilateral pattern of increase in AHbO during the motor task. Laterality index (LI) values during
the simple unilateral task correlated significantly with both the FM-12 and SIS-Hand scores,
indicating that participants with more severe motor deficits had more a more atypical (i.e.,
bilateral) pattern of lateralization. It is feasible to gain valid LI values from stroke survivors in

their homes using fNIRS. These results represent a preliminary step towards the goals of using
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ergonomic functional neuroimaging to improve post-stroke rehabilitative care, via the capture
neural biomarkers of post-stroke motor recovery, and/or via use as part of an accessible

rehabilitation brain-computer-interface.
5.1 INTRODUCTION

It has become part of the consensus in clinical research that the investigation of post-
stroke motor recovery must include and make use of neural biomarkers of recovery'.
Fundamentally, this call for the use of biomarkers is an acknowledgement that our imperfect
understanding of the mechanisms of post-stroke motor recovery is holding back our ability to
optimize post-stroke care, as well as to develop new rehabilitation interventions. Relatedly, it has
been shown that clinical trials with a biological rationale outperform those without one?. The
persisting uncertainty due to our collective lack of understanding is especially impactful
considered in light of the high cost of rehabilitation to the health care system currently (in the
U.S. alone over $41 billion is spent on post-stroke physical rehabilitation)?, and the disappointing
discrepancy between our inability to meet established standards on the amount of rehabilitation
volume stroke survivors should receive?, and the pre-clinical literature which suggests that the
amount of volume prescribed by these standards is in fact likely insufficient, given the high
volume of post-stroke rehabilitation required to facilitate cortical re-organization in the motor
system®. While the collective realization that more post-stroke rehabilitation is better than less
has been used to great effect in the Queen Square programme?, which produced uniquely strong
positive results with very large volumes of rehabilitation in chronic stroke survivors®, this mantra

alone is not sufficient to significantly improve the standard of care in post-stroke rehabilitation,

3 In this study 268 chronic stroke survivors were enrolled in an extremely intensive (3-week 90 hour) in-person
rehabilitation program, resulting in clinically important improvements on measures of both impairment (e.g., Fugl-
Meyer Upper Limb) and functional ability (e.g., Action Research Arm Test).
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given the complicated trade-off besetting this issue, with high costs and inconsistent
effectiveness of rehabilitation interventions on the other side of the ledger.

Indeed, the attempt to increase the volume of rehabilitation patients receive, as
demonstrated in the Queen Square programme, as well as the integration of neural biomarkers
into stroke recovery research, might both be viewed as an attempt to overcome the proportional
recovery rule of post-stroke motor recovery—which controversially posits that survivors of
stroke can be expected to gain back ~70% of the difference between their acute post-stroke
function (for a given measure) and typical function, regardless of rehabilitation interventions.
This model and its implicit implications (i.e., that stroke survivor’s recovery potential operates
by some ‘rule’ independent of rehabilitation) challenge the utility of deploying more public
health system resources on rehabilitation as an ‘investment’, given rehabilitation’s highly
variable return on investment over-and-above the progress that can be expected regardless of
intervention. In the context of these challenges, it is not surprising that some studies have found
that nearly half of patients fail to significantly benefit from rehabilitation’, and that only 12% of
patients fully regain use of their upper-extremity?®.

However, pre-clinical work®!? does suggest the proportionate recovery model can be
overcome, specifically by better characterizing an individual animal’s rehabilitation by using
neural biomarkers (in this case information on the nature of an animal’s lesion). In this work,
researchers created a model that predicted the ‘minimum effective dose’ of rehabilitation
required for animals given the details of their lesion, and successfully demonstrated that using
this dosage prescription algorithm the number of ‘non-responders’ to rehabilitation was
decreased. And recent findings in humans suggest such a concept may generalize across species,

as through better characterization a stroke survivor’s rehabilitation needs, it has been shown to
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be possible to break the proportionate recovery law in humans,'! and moreover that through the
use of neural biomarkers one can also increase the efficiency of rehabilitation (in this case
leading to decreased length of stay at an inpatient rehabilitation facility with no decrease in
functional outcomes)'?.

One promising candidate biomarker of motor recovery in stroke is the ratio of activity
between the primary motor cortices during movement of one’s paretic limb (i.e., M1-LAT).
Using fMRI, 316 fNIRS,!"!® or EEG,"? it has been shown that deviation from a typical contra-
lateralized pattern of M1-LAT corresponds to worse upper-extremity movement deficits.
Moreover, fNIRS studies have also found that the inverse pattern (i.e., a departure from the
typically symmetrical pattern of M1-LAT) corresponds to worse gait abilities?®!. A proposed
mechanism for this association is the presence of maladaptive IHI, whereby the contralesional
sensorimotor system becomes disinhibited and thus more active during paretic limb movement,
reducing or reversing the typical contra-lateralized pattern of sensorimotor activity.?> And while
this relationship does not seem to be universal (in particular in that in a subset of stroke survivors
with severe deficits, this [HI may be adaptive, as the ipsilesional corticospinal pathway is not
capable of regaining a useful role in the actuation of movement??) it has been established as a
consistent pattern across stroke location, stage, and severity??>?*. And importantly, studies have
also shown that M1-LAT is not only associated with, but predictive of future function as well as
one’s response to rehabilitation: it has been found to outperform functional status in predicting
motor deficits 3 months?®, 6 months?® and one year?’ following incidence of stroke, as well as
being predictive of a stroke survivor’s treatment response to one month of rehabilitation?®. One
might imagine how widespread, longitudinal collection of M1-LAT in stroke survivors could aid

in optimizing how rehabilitation resources are deployed, potentially one day contributing
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towards the construction of a personalized model of a minimum effective dose, which pre-
clinical data suggests may be the level of rehabilitation at which brain-derived neurotropic factor
is released to promote greater recovery?’; and again, this idea is supported by recent findings
which show that even chronic stroke patients can reliably benefit from stroke rehabilitation,
given that the volume of rehabilitation is sufficiently intensive®. M1-LAT has also been used as a
part of a brain-computer-interface that was shown to increase the clinical benefits of post-stroke
upper-extremity rehabilitation interventions.?%-3

However, a major barrier in realizing this potential is that at present it is expensive and
labor-intensive to take any relevant biomarkers of post-stroke motor recovery. All the studies
mentioned above that utilized M1-LAT to characterize and/or predict recovery used either fMRI
or laboratory-based fNIRS/EEG equipment to take their M1-LAT measurements. This is why
leaders of the research community have acknowledged this is a central challenge to overcome in
the use of any potential biomarkers of stroke recovery!. Thus, there is a need to develop
technology that makes the collection of relevant biomarkers easier. While the majority of the
literature on the relationship between M1-LAT and post-stroke physical recovery has been based
on fMRI measurements, the high cost, specialized staff, and lengthy set-up time required to take
these measurements limits its clinical utility in this domain. Moreover, the fact that wet, head-
cap-based EEG systems require a lengthy set-up process by a trained experimenter, as well as the
difficulty in gaining spatially specific measurements with dry and/or non-full-headcap based
EEG (due to the smearing of electrical activity at the scalp; as discussed in section 1.4.2)3* limit
its clinical utility for this purpose as well. Given that fNIRS has also been shown to be capable of

taking measurements of post-stroke motor laterality,'”-!® that its method of measurement lends
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itself naturally to the capture of spatially-specific cortical signals,* as well as the fact that it can
be made portable (as discussed in section 1.4.2), fNIRS may be a viable modality to increase the
clinical utility of M1-LAT in post-stroke physical rehabilitation. Specifically, the use of
ergonomic fNIRS devices to capture neural biomarkers of post-stroke motor recovery, and/or to
be used as a part of more accessible rehabilitation brain-computer-interfaces has the potential to
help clinicians better understand and thereby optimize post-stroke rehabilitation, as well as for
the development of brain-computer-interface systems designed to enhance post-stroke
rehabilitation.

The present study tests the ability of a prototype fNIRS headband to take measurements
of M1-LAT (during upper-extremity movements) from chronic stroke survivors in their homes,
and moreover examines the relationship between these measures of M1-LAT and measures of
upper-extremity function and impairment. Specifically, the study hypothesizes that measures of
M1-LAT taken via fNIRS will correlate with measures of upper-extremity impairment and
function. The prototype fNIRS headband was designed to measure cerebral hemodynamics from
the sensorimotor cortices, and to enable independent placement by a stroke survivor; the
headband is synchronized to a tablet app which guides stroke survivor’s through upper-extremity
rehabilitation exercises while fNIRS measurements are taken. This work contributes to the
ultimate goal of demonstrating that neural biomarkers of post-stroke motor recovery can be taken
outside the laboratory, with easy-to-use equipment that might one day enable an improvement of

the standard of care for post-stroke physical rehabilitation.

4 Shining near-infrared light into the brain at a particular location, and measuring the returning light at an adjacent
location, allowing for inference on changes in a blood-oxygen-level-dependent (BOLD) signal at a point equidistant
the emission and detection locations (as discussed in section 1.4.2).
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5.2 METHODS

5.2.1 Participants — inclusion and exclusion criteria

Twelve chronic stroke survivors (three women; age: m = 62.18, sd = 11.77; months since
most recent stroke: m = 63.27, sd = 41.51; these participants are also described in Chapter 4)
were recruited from the community. The study received ethical approval from Veritas IRB.
Inclusion criteria required participants to self-report that they had previously experienced at least
one stroke and were currently experiencing some level of hemiparesis as a result; it also required
them to score >16 on the MMSE?® or (if they failed to do so) >19 on the CASP.3¢38 All but three

of these participants reported having experienced only a single stroke.

5.2.2 — Cognitive Testing

Participants were first asked to complete the MMSE. The MMSE contains 30 questions
designed to identify whether individuals are suffering from serious cognitive impairment. The
cut off for participation used in the present study was the level set for administration of the SIS*
(see 5.2.5 below), to ensure participants are capable of following instructions and providing valid
feedback. While the MMSE was utilized due to its clinical ubiquity (particularly in the United
States), a low score on the MMSE may be due to aphasia rather than cognitive impairment; thus
if a participant scored less than 17 on the MMSE, they were asked to complete the CASP, a
cognitive assessment designed for stroke survivors with language impairments.*%3” The cut off of
19 chosen for the CASP (as discussed in 5.2.1 above) was meant to harmonize to the MMSE cut

off of 16 chosen for the present study.3*40

5.2.3 - Fugl-Meyer short form upper extremity section

Participants had their hemiparetic upper-extremity function characterized using the FM-

12 upper extremity section — a series of six standardized tasks designed to span a wide range of
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difficulty levels for stroke survivors with upper extremity hemiparesis — as it has been shown to
adequately assess motor function of stroke patients while subjecting patients to minimal
assessment time (< 10 minutes).*'*? Assessment of FM-12 items was administered using

previously established standardized procedures. 43+

5.2.4 SIS-Hand

Participants were asked to complete the SIS-Hand, which is comprised of five questions
pertaining to their perception of their stroke-affected hand function. The SIS is a well-established
stroke specific health status measure that is appropriate for self-report and does not require

training to administer.*’

5.2.5 — Motor Task

Experimental sessions took place in the homes of the recruited stroke survivors. All
participants performed a fist squeezing task on the side they reported experiencing upper-
extremity hemiplegia. Participants were instructed to follow along with a first-person video
displayed on a tablet on the table in front of them—the video showed a fist squeezing task being
performed with an exercise ball, with the ball being squeezed at ~1Hz. Participants were also
provided an exercise ball, which some chose to use but some were not able to make use of
because of their deficit in hand function. Participants performed 10 trials where they were
instructed to squeeze their fist along with the video in this manner for 10 seconds after which
they were asked to rest for 40 seconds. Participants were asked to perform this task as best they
could, and to utilize motor imagery (i.e., the mental rehearsal of movement®) in the event that
they are unable to complete the movement physically. While the fist squeezing task was being
performed, measurements at the lateral motor cortex were taken with a prototype fNIRS

headband (described in 5.2.6 below, see Figure 1).
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Figure 5-1. lllustration of the experimental set up for the present study. Participants wore the
fNIRS prototype headband while a movement video played a fist squeezing task on a tablet.
Participants were asked to follow along with the movements in the video as best they could.

5.2.6 Prototype fNIRS Headband

The fNIRS headband prototype used in the present study (AP-2, as described in section
2.2.2.2 of Chapter 2) was powered by a lithium-ion battery attached to a headband of optical
components as previously described in Friesen et al.*¢; the headband utilized Bluetooth low
energy and supports a 8 x 2 grid of 16 unique cerebral hemodynamic measurement locations (see
Figure 2-B)—thus the fNIRS headband was entirely wireless, with no fiber optic cable, data
transmission wires, or the need to clip the power supply to the body (as other fNIRS devices that
measure through hair have employed*’) increasing the ease of set-up in uncontrolled
environments (in this case in the homes of stroke survivors). The headband is meant to be worn
at the apex of the head (i.e., approximately where over-the-ear headphones sit) to enable
measurement of the brain’s sensorimotor region, with the lateral measurement locations
overlaying C3 and C4 of the international 10-20 System, which have been shown to overlay the

portion of the motor cortex associated with upper-extremity movement*. The components and
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measurement locations enabled by AP-2 are illustrated in Figure 5.2-B. The headband contained
both long-path (3cm from the detector; 745 and 850nm), as well as short-path (§mm from the
detector; 735 and 850nm)*. The long-path LEDs were attached to the headband by individually
articulating springs (Figure 5.2-A), allowing the headband to adjust to the shape of users heads in
the sagittal plane, while the use of a flexible central band (which contained the detectors and
short-path LEDs) allowed for adjustment in the coronal plane. Importantly, all optical
components (i.e., LEDs and SPDs) were butt coupled to light pipes which enabled light
transmission to and from the scalp. These light pipes were of a relatively low durometer (i.e., are
softer) compared to traditional fiber optic cable, which allows them to be “worked through hair”
by simply shuffling the headband back and forth on the head, whilst remaining comfortable
despite making secure contact with the scalp. All these design features (a flexible, one-size-fits
all band, which can be manipulated through hair by the person donning the device) in concert
allow for a quick and simple device set up—in the present study it allowed the experimenter to
set up the device in ~1 minute.

While the headband was designed with independent use in mind, in the present study the
headband was placed by the experimenter, with its center detector (ie., item S1 in Figure 5.2-B)

positioned at CZ according to the international 10-20 system?3,
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Figure 5-2. (A) Prototype fNIRS headband AP-2 used in the present study. (B) Array of optical
components included in the fNIRS prototype. The central three detectors (being 3cm from 4 long-
path LEDs) enabled 4 measurement locations each, with the two detectors on either end (being
3cm from 2 long-path LEDs) enabled two, resulting in a total of 16 measurement locations.

5.2.7 fNIRS Acquisition and Pre-processing

The fNIRS prototype used in the present study had a system-wide sample rate of 5.4 Hz.
Pre-processing procedures were applied as described in Friesen et al.*¢ Briefly, TDDR> was
applied to all signals. Three sets of inter-channel delays were calculated from 850nm data which
had been bandpassed to the cardiac pulse (0.5Hz to 1.5Hz), respiration (0.15Hz to 0.3Hz) and
Mayer Wave (0.05Hz to 0.15Hz) bands. All data were then transformed to AHbO and AHb using
the modified Beer Lambert equations’!. Data from the short-paths was then submitted to a
structural equation model to estimate latent common influences between the short-path channel
in four permutations—once using the unfiltered AHbO and AHb data, then three more times,
using AHbO and AHDb data filtered to the cardiac pulse, respiration, and Mayer Wave bands
respectively; on these new three filtered versions of the AHbO and AHD data, the previously

estimated delays were removed by interpolation prior to estimation of the latent common signal.
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The resulting four latent common signals were then regressed out of all long-path and short-path
AHDbO and AHD channels. Next, information from each long-path channel’s associated local
short-path was regressed out of the long-path data—this again was conducted both using the
unfiltered short-path data, as well as short-path data which had been filtered to the cardiac pulse,
respiration, and Mayer Wave bands (which again had had their band-specific delays removed by
linear interpolation). And finally, all long-path channels were filtered to the frequency band
containing the BOLD response (0.01Hz to 0.1Hz) and Correlation-Based Signal Improvement>?
was used to subtract any residual noise (identified using the AHb data) from the AHbO data.

Lastly, the resulting AHbO data was baseline corrected (to the moment of task onset).

5.2.8 INIRS Analysis

5.2.8.1 fNIRS Generalized Additive Model Analysis

To visualize a representation related to the average timeseries for each measurement
location and each participant, the AHbO time series data were collapsed across trials (within each
measurement location) to a mean timeseries using a GAM. A GAM was then fit by generalized
cross-validation, resulting in a single timeseries for each participant for each measurement
location, and the 95% confidence ribbons of a mean time course at each location was preserved
(results from this process are visualized in Figure 5.3).

In addition, a posterior distribution for the mean AHbO values during the task period
were generated using a Bayesian 3-level hierarchical model in which the mean slope for a given
subject (Usubject) Was a random normal deviate from a group mean slope (Hgroup): Msubject ~ normal(
Weroup » Osubjs), the slope for a given trial (luial) was a random normal deviate from the participant’s
mean slope: [urial ~ normal( Psubject , Owrials), and finally, the observations through time on a given

trial were random normal deviates from that expected given the trial slope: obs ~ normal( time x
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Wrial , Oobs). Weakly-informed priors for all parameters were employed such that the gross
variability observed in the data (quantified by computing the standard deviation across all
datapoints, SDobs) informed on the general scale of the parameters. Specifically, pgroup ~ normal(
0, SDobs ), Osubjs ~ weibull( 2, SDobs ), Gtrials ~ weibull( 2, SDobs ), Gobs ~ weibull( 2, SDgps ). The
model and priors were expressed in Stan?, permitting use of the cmdstan MCMC sampler to
generate posterior samples reflecting the posterior probability distributions on the model
parameters given the model structure, priors and observed data. Diagnostics for all sampling runs
were evaluated to ensure that no samples encountered divergent transitions, all chains exhibited
convergence (rhat<1.01) for all parameters, and no parameters exhibited low effective sample

size for tail quantities (results from this process are visualized in Figure 5.4).

5.2.9 fNIRS M1-LAT Analysis

After pre-processing, for each movement trial, the average of the AHbO values observed
during the 10 second task window was computed. The resulting mean values were then collapsed
to a mean across locations in each hemisphere, whereupon a ‘lateralization score’ (i.e., the
difference between the mean AHbO from the ipsilesional hemisphere and the contralesional
hemisphere) was computed for each trial.

To evaluate the relationships between M1-LAT and our measures of post-stroke upper-
extremity impairment (FM-12) and function (SIS-Hand), we constructed a structural equation
model (SEM). SEMs are the more powerful successor to standard regression models, whereby
the dependence between outcomes can be evaluated in the presence of both measurement noise
and hierarchical structure.>*> The model’s latent structure is comprised of the expectation of a

latent (i.e. unobserved, but eventually informed/constrained by the data) trait that varies among
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participants in a Gaussian-distributed manner,> with mean and standard deviation is fixed at
values of 0 and 1, respectively.® The use of the standard normal®® distribution in this way is a
common means to ensure “identifiability” of the subsequent model. A model is said to be non-
identified when two or more parameters end up achieving the same purpose in the model.

Next, we express that this latent trait influences three additional latent traits (i.e., one
associated with each outcome: lateralization scores, FM-12, and SIS-Hand), with the magnitude
of this influence on each outcome modelled with a proportional loading parameter, reflecting
competition between the common latent trait and variance unique to each outcome’s latent trait.’

For the lateralization score data, the observed lateralization score values are first scaled
(multiplied) by a parameter reflecting the scale of variability of this trait in the population, to
which is then added another parameter reflecting the mean of this trait in the population. Finally,
the observed lateralization scores from each participant® were modelled as samples from a

normal distribution, with a mean equal to the (scaled and centered) latent lateralization trait for

SH_p ~normal(0,1)
Take for example a model of the following form:

Y ~normal( mul +mu2, 1)

In this model, Y is modelled as samples from a normal distribution with a mean equal to the sum of parameters mul
and mu2, but without any additional structure, mul and mu2 will cause non-identifiability because the implied mean
for Y will be the same in the circumstance that mul=0 & mu2=0 as when mul=+1 & mu2=-1.

" Latent_Lateralization_p ~ H_p*loading_LL + unique_LL*(1-loading_LL)Latent FM_p ~ H_p*loading_LF +
unique LF*(1-loading LF)
Latent SIS p ~H p*loading LS + unique LS*(1-loading LS)

To achieve identifiability with this additional structure, each of the unique traits are modelled as standard-normally
distributed:

unique LL ~ normal(0,1)

unique LF ~ normal(0,1)

unique LS ~ normal(0,1)

Additionally, the sign of one loading must be set arbitrarily-but-necessarily to ensure identifiability, so we here
chose to restrict the sign of loading LS loading for the SIS measure as positive.

8 One score from each trial, 't
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that participant, and a standard deviation equal to a value reflecting the magnitude of
measurement noise.’

Both FM-12 and SIS-Hand were similarly modelled hierarchically, such that the item-by-
item score on each was modelled as a cumulative normal ordinal outcome with a mean equal to
that participant’s latent trait for that scale, and ordinal cutpoints associated with each item.!?

We then utilized Bayesian estimation on this model structure, to derive what we should
believe about the parameters of the model, given both the data and whatever prior information
we might have about said parameters. While the model has many parameters (e.g. the value of a
given latent trait for a given participant can be considered a parameter), the structure described
above constrains the vast majority, leaving us to needing priors on (1) the mean of the latent
lateralization, (2) the standard deviation of the latent lateralization traits, (3) the measurement
noise for the lateralization data, (4) the cutpoints for each item in the FM-12 and SIS-Hand, and
(5) the loadings in the latent SEM. For the first three parameters, as these do not relate directly to

our hypothesis about the relationship between latent laterality and upper-extremity

% A value modelled as common across participants:
Observed lateralization {p,t} ~ normal( Latent lateralization p , noise )

10 observed FM_ {p,i} ~ cumulative_normal_ordinal( Latent FM_p, cutpoints_i )
observed SIS {p,j} ~ cumulative normal ordinal( Latent SIS p, cutpoints j)

Unlike the lateralization measurement model, scaling and centering of the latent traits is not necessary for the

physical ability measures, and indeed it is necessary for identifiability that they remain on their implied standard
normal scales.
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impairment/function, and we have weak prior beliefs as to their value, we employ data-driven
weakly-informed priors.!!
For the cutpoints of each item of the FM-12 and SIS-Hand, we employ the “induced Dirichlet”
prior.’” And finally, we employ uninformative uniform priors for each of the loading parameters,
reflecting equal credibility of all possible values from -1 to 1 (importantly, including zero,
reflecting no influence from the common latent trait).

We expressed this model in Stan,!? yielding posterior samples for each parameter
reflecting the Bayesian solution to the relative credibility of parameter values given the model,

priors and data.!3

! Mean latent lateralization ~ normal( m , t )SD latent lateralization ~ half-normal( 0, t)
Measurement noise ~ weibull(2, t)

Where m is the mean lateralization computed from the observed data and s is the standard deviation of lateralization
scores computed from the observed data (n.b. without first collapsing scores to a mean per participant). The use of a
normal distribution centered on m and with a scale of s achieves a prior on the mean of the latent lateralization traits
whereby the empirical mean is considered most credible apriori, but with a relatively broad range of alternate values,
informed by the scale of variability observed in raw scores (which, thanks to measurement noise, should have
relatively broad range) also considered reasonably credible. The use of a half-normal for the prior on the SD of
latent lateralization traits is fairly conventional for this kind of parameter and implicitly achieves a slight
regularization of the distribution of latent lateralization traits, shrinking outliers towards the mean. The use of a
weibull distribution with a shape of 2 and scale s yields a prior peaked at approximately 0.8*t, tapering rapidly to the
left of this peak such that there is zero credibility for measurement noise values of zero, and tapering more slowly to
the right of this peak such that values of even 2*t are relatively credible. To implement these priors more efficiently,
the observed lateralization scores were scaled via the operation

Scaled observed laterality = (observed laterality - m) /s

In the context of data scaled in this way, the above priors are achieved now as:

Mean latent lateralization ~ normal( 0, 1)

SD latent lateralization ~ half-normal( 0, 1)

Measurement noise ~ weibull(2, 1)

12 A probabilistic programming language, and employed the cmdstan and cmdstanr interfaces to a state-of-the-
science Dynamic Hamiltonian Monte Carlo sampler to combine the model, priors and data.

13 We ran 6 independent chains, each for 1000 warmup iterations (during which DHMC learns the topology of the
posterior distribution) followed by 1000 sampling iterations. The cmdstanr interface provides a number of diagnostic
checks that can flag when the results from such sampling are certainly untrustworthy, but our sampling passed all
said checks. Specifically, no post-warmup divergent transitions were encountered, E-BFMI was above .3 for all
transitions, Rhat values were below 1.01 for all parameters, and effective sample sizes for both bulk and tail
quantities of all parameters were above 1000.
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5.3 RESULTS

No participants were excluded due to cognitive impairment (MMSE scores: M = 26.45;
SD = 4.54; see Figure 4.5 of chapter 4 for visualization of the distribution), and participants
varied greatly in both their levels of upper-extremity impairment (FM-12 scores: M = 8.75; SD =
3.02; see Figure 4.5 of chapter 4 for visualization of the distribution) and self-reported upper-
extremity function (SIS-Hand scores: M =2.57; SD = 1.17; see Figure 4.5 of chapter 4 for
visualization of the distribution).

Given the hypothesis that the degree of M1-LAT would vary as a function of stroke
survivor’s level of impairment, we expected the topographical distributions of event-related
AHDO patterns to vary between individuals (with more contra-lateralized patterns for stroke
survivors with lower levels of impairment)—though with strong priors that we would see a task-
evoked increase in at least a sub-segment of measurement locations, in at least one hemisphere.
In looking at the topographical distribution of mean AHbO values as determined by the GAM
model, indeed, we generally see a mixture of typically contra-lateralized increases in AHbO
during the task period (e.g., participants 5, 7, and 11), as well participants with a more bilateral
pattern of activation (e.g., participants 3, 8, and 12). As a result, in examining the posterior
samples for the group mean slope obtained for the task window, as with the GAM-generated
mean time-series, we see a generally bilateral increase in AHbO (Figure 4), with a slight contra-

lateralization.
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Figure 5-3. Estimated 95% confidence ribbons for AHbO timeseries for all participants. Time
series windows highlighted in red are contralateral to the hand being used in the task. The
portion of the time series shaded in grey represents the 10s block of ~1Hz fist squeezing or
attempted fist squeezing. Visualized ribbons were obtained from a GAM fit separately to each
participant and measurement, and specifically represent £2 standard error of the mean,
resulting in a 95% confidence interval.
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Figure 5-4. Topographic maps (top-down view, with the top row representing the anterior row
of measurement locations, and vice versa; locations on the left of the grid representing the left
hemisphere, and vice versa) of group mean slope (in units of mMol/mm?) during task for AP-2’s
16 measurement locations. Because not all participants used the same hand in the task, the
hemispheres for some of the participants’ data were flipped such that the left side represents the
hemisphere contralateral to the participants’ paretic hand. Colors indicate posterior median of

Hemisphere ipsilateral to motor task

n

161



AHbO values; locations with posterior distributions in which zero falls outside the 95% credible
interval are marked with crosses.

Given that these data indicate that the fNIRS data captured during the motor task had a
more contra-lateralized pattern (i.e., greater magnitude of activation in the contralateral or ipsi-
lesional hemisphere) for some participants while this pattern of activation was more bilaterally
distributed for others (i.e., activity distributed over both the ipsi-lateral and contra-lateral
hemispheres), it is relevant to examine the relationship between the degree of laterality and the
upper-extremity ability of each participant. To this end, we can examine both the correlations
between each individual measure of upper-extremity ability (FM-12 and SIS-Hand) and M1-
LAT (Figure 5), as well as the correlation derived from the Bayesian SEM developed to explore
this relationship. Figure 6 shows the relevant marginal posterior distributions for important
parameters in the model. As expected, given the scaled data and its data-driven prior, the
posterior distribution for the lateralization score measurement noise concentrates at values near-
but-below 1 (around .9), reflecting that most, but not all, of the variability observed in the
lateralization scores is associated with measurement noise, with the remainder being associated
with differences among the participants in their latent lateralization traits. Consistent with this is
the observation that the posterior on the variability among participants in latent lateralization
scores is concentrated away from zero at values near 0.3, reflecting that the latent scores have a
variability that is approximately 30% the magnitude of the variation observed in the raw
laterality scores (which include measurement noise). The posterior for the mean latent
lateralization remains centered on zero but has narrowed from its prior SD of 1 to approximately
0.5, primarily reflecting increased confidence in values closer to zero as a consequence of seeing
scaled data consistent with those values. The loadings on latent FM and latent SIS are both

strongly positive, indicating a very strong belief that these measures are credibly interrelated via
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their common association with a single latent factor. And finally, the posterior distributions for
the loading on latent laterality—reflecting the correlation between post-stroke function and M1-
LAT—has a 95% credible interval ranging from 0.03-0.98 (median: 0.63); the fact that this
interval does not include zero, reflects a strong belief that M1-LAT is positively correlated with

post-stroke upper-extremity impairment and function.!*

® RP=05,p=0015 . R*=04 p=0038
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Figure 5-5. Correlation coefficients (and 95%ile Credible Intervals thereof) between MI1-LAT
and both FM-12 and SIS-Hand respectively. M1-LAT is calculated such that higher values
represents higher AHbO lateralization towards the contralesional hemisphere (i.e., the
hemisphere ipsilateral). These preliminary analyses were conducted using the pre-processing
pipeline described in Chapter 2.

141t should be emphasized that this is by no means a guaranteed outcome of the structure of the model; it would be
entirely possible, should the data support it, for loading values at or near zero to be considered highly credible for
one or more of the traits. While the loading for the latent SIS trait was constrained to be positive for the purposes of
identifiability, even this would yield a posterior that would be concentrated at least near zero should the data in fact
support the credibility of such values. That we observe credibly non-zero loadings for all traits strongly supports
mutual association.
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Figure 5-6. Posterior distributions for core model parameters. White dots convey the posterior
median while the thick and thin bars convey 50% Credible Intervals (i.e., bounded by the 25%ile
and 75%ile) and the 95% Credible Interval (i.e., bounded by the 2.5%ile and 97.5%ile).

5.4 DISCUSSION

This study tested the ability of AP-2 (an ergonomic, easy-to-set-up fNIRS headband) to
take neurophysiological measurements from the motor cortex of stroke survivors in their homes
during a simple unilateral movement; it also examined the relationship between M1-LAT (as
measured during these simple unilateral upper-extremity movements) and measures of upper-
extremity impairment (FM-12) and function (SIS-Hand). As expected, results showed that all
participants demonstrated some event-related increases in AHbO across AP-2’s measurement
grid, with participants broadly either demonstrating a contra-lateralized or bilateral response to
paretic upper-extremity movement. Moreover, the present study’s results showed that the level of
motor cortex lateralization during unilateral movement of the paretic upper-extremity was
associated with upper-extremity function and impairment. Thus the data from this mobile

system, collected on stroke survivors in their homes, replicates the previously reported
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relationship whereby decreased function and increased impairment is associated with a more
atypical pattern of M1-LAT during paretic upper-extremity movement.

As discussed in the introduction, M1-LAT measurements have been shown to correlate
with both motor function and impairment. The results of this study specifically replicate several
other studies that have shown cross-sectionally that a deviation from the typical pattern of M1-
LAT (during simple paretic upper-extremity movement) corresponds with worse motor
outcomes; this includes an fNIRS study which used a similar hand-grasping task during which to
measure M1-LAT, and characterized impairment using Brunnstrom stages, °® as well as studies
using other modalities (e.g., fMRI, EEG and positron emission topography) which have shown
that atypical M1-LAT correlates with worse performance on finger tapping® and peg-board
tasks,®*-! as well worse self-reported functional abilities (as measured by the motor activity
log).? And while the ability to gain functional neuroimaging markers of recovery may be of
limited clinical utility, other research has shown that these same measures of M1-LAT can be

used to also predict functional gains from a rehabilitation intervention, 2°-28

meaning these
measures could potentially improve clinicians ability to personalize the planned rehabilitation
intervention to the needs of individual stroke survivors.

However, to date the literature documenting the relationship of M1-LAT with post-stroke
motor recovery relies primarily on studies using fMRI; while fMRI is surely the optimal way to
gain non-invasive functional measurements on cerebral activity, the use of MRI comes with
significant cost (both upfront and maintenance), a large footprint (meaning stroke survivors must
be brought from their site of care in order for these measurements to be gained), and specialized

staff required to support data acquisition and analysis; these realities therefore represent a

significant barrier to utilizing fMRI for any use case related to post-stroke physical rehabilitation.
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In addition to the substantial fMRI literature, there are also studies using headcap-based EEG®34
and fNIRS 3365 gystems to measure M1-LAT in stroke survivors. While cheaper and more user-
friendly (smaller and less maintenance required) than fMRI, these systems are all laboratory-
based, and require the use of a full headcap—they therefore are difficult to utilize in a variety of
locations, and time-consuming to set-up. Thus, the present study is novel in that it suggests that it
is possible to measure M1-LAT outside the laboratory with a non-headcap-based fNIRS system.
However, with that said there are several limitations to the present study. Firstly, as
mentioned above the data collected in the present study was only cross-sectional. And while
there is no reason to suspect that the used in this present study wouldn’t be capable of capturing
longitudinal measurements when it is able to capture these measures cross-sectionally, further
work is required to determine if longitudinally captured M1-LAT data from this fNIRS prototype
or one similar would be capable of seeing the longitudinal changes over time that have been
reported elsewhere®. Another notable limitation is that while AP-2 was designed to enable
independent use, because of the preliminary nature of this study an experimenter placed the
headband on the participants; moreover, while AP-2 was designed to enable quick set-up, the
time to set-up the device was not recorded (although this time was ~1 minute)—future work on
this or subsequent fNIRS prototypes should include this aspect in their experimental designs,
enabling the continual optimization of device setup ease-of-use over time. And finally, again
because of the preliminary nature of this study, only fNIRS data from a simple fist-squeezing
task was presented; while existing research has shown a similar topographic pattern of increased
AHbo across an fNIRS measurement array between movements of the hand and shoulder®-¢7,
future work with the AP-2 or subsequent fNIRS prototypes ought to utilize movements also

involving the shoulder to replicate these results; moreover, more complex upper-extremity tasks,
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which might result in a more broad pattern of motor cortex activation (as has been shown via
both fNIRS and fMRI) ought to be included in future tests of AP-2 or related fNIRS prototypes,
to determine the ability of its measurement array to capture the neurophysiological response at
the motor cortex to such tasks.

In conclusion, the present study demonstrated that neurophysiological measurements
from the motor cortex could be taken using a mobile fNIRS system in the homes of stroke
survivors, and moreover that these measurements replicate the previously described relationship
between M1-LAT during paretic arm movement, and levels of function/impairment in stroke
survivors. This suggests it may be possible for M1-LAT measurements to be taken on stroke
survivors in more convenient and cost-effective ways than the literature to date (primarily fMRI
and laboratory-based EEG and fNIRS studies) would suggest. Moreover, given previous studies
that have shown that the provision of M1-LAT NFB during various rehabilitation interventions

can enhance the efficacy of rehabilitation’®%%, the present study’s findings that a mobile, easy-to

use fNIRS system can take these measurements might also be built on through future
development of more accessible rehabilitation brain-computer-interface systems. These findings
portend the possibility of using ergonomic fNIRS devices to capture neural biomarkers of post-
stroke motor recovery, and/or to be used as a part of more accessible rehabilitation brain-

computer-interfaces.
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Chapter 6 - DISCUSSION

6.1 - SUMMARY OF FINDINGS BY CHAPTER

This dissertation documents some steps undertaken in the preliminary development of a
fNIRS BCI system meant to take measurements from the M1, both for the purposes of providing
neurofeedback during physical rehabilitation, as well as to potentially measure neural biomarkers
of recovery to be used to better understand and help optimize stroke rehabilitation more
generally. Throughout the time these studies took place, the vision for what this BCI system
might be (i.e., how exactly it will be implemented as a product) evolved, however throughout
this dissertation it is referred to as the Axem Home (the current product vision for Axem
Neurotechnology’s first product): a rehabilitation system meant to enable at-home BCI-based
rehabilitation. The chapters of this dissertation show a progression from the verification of
preliminary fNIRS prototypes, alongside an examination of some of the relevant technical
challenges to taking these fNIRS measurements (Chapter 2), to a comparison study comparing an
fNIRS prototype to an established fNIRS system (Chapter 3), to an examination of the human
factors feasibility of early prototypes (Chapter 5) and the associated fNIRS data collected
(Chapter 5). A brief overview of the purpose and conclusions of these chapters are summarized

below.

6.1.1 Axem Home Prototype Data Quality Study

This study’s purpose was to characterize the ability of preliminary fNIRS headband
prototypes (designed to be compatible with future designs that might enable independent use) to
measure the M1 response to upper-extremity movement. Thus, this study’s design was unique in

its iterative nature, which endeavored to assess the performance of preliminary prototypes
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through a standardized paradigm, while allowing for iteration (as deemed needed) on those
prototypes. This chapter also included an overview of the technical challenges an fNIRS system
must overcome to provide valid measurements of M 1-related activity, in the hope of providing
context for iterations on the fNIRS prototype’s design which might be undertaken throughout the
course of the study. Testing of an initial, preliminary prototype (AP-1, described in section
2.2.2.1) provided encouraging results as to the feasibility of using this device to take
neurophysiological measurements from M1 via fNIRS during a simple upper-extremity task;
however, throughout testing it became apparent the device did not perform well on individuals
with dense hair, and thus it was determined that changes were warranted to this prototype’s
design—in particular, changes that would better enable its emitted light to penetrate through
densely concentrated follicles of hair. The second fNIRS headband prototype (AP-2, described in
section 2.2.2.2) tested had more powerful emitters, more efficient optical transmission, and better
flexibility which allowed it to better accommodate for differences in head shape, and in
preliminary assessments AP-2 appeared to perform better than AP-1 in gaining

neurophysiological measurements from M1 on individuals with dense hair.

6.1.2 Portable Wireless and Fibreless fNIRS Headband Compares Favourably to a
Stationary Headcap-based system

This study endeavored to compare the performance of AP-2 to an established fNIRS system
(which utilizes a traditional full headcap form factor); specifically, the ability of both systems to
measure the M1 response to movement in individuals >50 years of age (i.e., a sample age-
matched to representative users of the Axem Home) was evaluated—as measurements from the
same participants on both systems, across both an upper- and lower-extremity task were

compared. Moreover, the study also asked participants to rate the comfort of the AP-2 system as
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experienced in the present paradigm (which involved them wearing it for ~45 minutes). Results
suggested that the fNIRS prototype’s signal-to-noise ratio for both upper- and lower-extremity
tasks was non-inferior to that of the established fNIRS system, and that the comfort of the AP-2

was feasible for extended use in this population.

6.1.3 Axem Home Formative Usability Study

This study investigated the potential usability and utility of preliminary hardware (both
AP-2 and a “looks like” Axem Home prototype, or “AP-LL”, the latter of which is described at
section 4.1.4.1) and software prototypes that were meant to approximate several core aspects of
the user experience of the Axem Home. This formative usability test was conducted with chronic
stroke survivors in their homes. While disjointed in comparison to the envisioned complete, final
user experience, this study successfully demonstrated the feasibility of several crucial elements
of the overall user experience of the Axem Home: including the feasibility of having stroke
survivors place a device approximating a final Axem Home headband on their head, having these
users wear an fNIRS device throughout the course of an entire rehabilitation session, and to
conduct a rehabilitation session through the guidance provided by a simple tablet-based software
app. That said, while preliminary feasibility was demonstrated in all these areas, the findings for
each begs future work that must be done to improve upon the functioning of these prototypes
before pursuing clinical trials. For example, the exact placement of the headband in the majority
of stroke survivors was incorrect, the rehabilitation session performed in the present study was
relatively short (~30 minutes), suggesting any insights on the comfort of AP-2 in this user group
should only be considered preliminary, and the software user experience presented was over-

simplified and not inclusive of all crucial steps that would be required to perform a session of
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BClI-based rehabilitation independently; as such, several areas for immediate, necessary

improvement were identified in this productive, though preliminary, step forward.

6.1.4 Measurement of Sensorimotor Brain Activity in Stroke Survivors during At-home
Upper-extremity Rehabilitation: a mobile fNIRS pilot study

This study examined the fNIRS data collected during the formative usability study
outlined (from a human-factors perspective) in Chapter 4. The protocol ensured that all
participants collected at least one full exercise of fist squeezing with their paretic hand, and these
data were examined in relation to existing literature on the laterality of M1 activation in
participants post-stroke as a correlate for upper-extremity motor function. In the event that the
Axem Home is able to become successful as a rehabilitation tool, the fNIRS data collected might
be subsequently used to better understand the individualized rehabilitation needs of stroke
survivors, in an attempt to better optimize system-wide healthcare resources devoted to post-
stroke rehabilitation. Thus, an indication that the data collected from AP-2 in this study aligns
with the functional neuroimaging literature linking M1 activation during movement to a stroke
survivor’s level of impairment (FM-12) and function (SIS-Hand) would be a positive preliminary
indication that the use of these fNIRS data for this purpose may be feasible. And indeed, a
significant correlation between laterality index (i.e., the ratio of M1 activity between each
hemisphere of the M1 during movement of the paretic arm) and both assessment-based and self-
report-based measures of motor function was found, replicating existing literature that worse
upper-extremity motor function is associated with a more atypical pattern of M1 laterality (i.e.,
less lateralized to the contra-lateral cortex) during paretic limb movement.

Taken together, these studies show the gradual but sure progression from internal
verification testing to preliminary research indicating feasibility in a group of representative

users. The challenges associated with this progress, as well as a contextualization of these
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innovations in bespoke fNIRS design and BCI user experience, as related to the development of

the Axem Home, are described below.

6.2 — LESSONS LEARNED DURING THE DEVELOPMENT OF AN fNIRS
SYSTEM FOR USE BY STROKE SURVIVORS, AND THE FUTURE
DIRECTION FOR ERGONOMIC fNIRS

During the course of development on the Axem Home described in this dissertation,
several changes were made to Axem’s prototype fNIRS system (see Chapter 2 section 2.2.2.1 for
a description of the AP-1 and AP-2 prototypes tested throughout this dissertation) due to the
suboptimal performance on individuals with dense hair. While these changes were not made in
an entirely controlled manner (due to the slow scale of implementing changes to fNIRS
prototypes), there are many conclusions to be drawn from this work, relating to fNIRS
technology generally, as well in discussing the directions fNIRS technology may take as
increasingly ergonomic and user-friendly fNIRS systems are developed and used. This section
describes these learnings within the framework for fNIRS signal quality introduced in Chapter 2
section 2.1.2 (see Figure 1 below, included here for ease of reading; also included in Chapter 2),
discusses potential future work to be taken on the Axem Home in particular, as well as provides

commentary on the implications of these findings for the field of ergonomic fNIRS in general.
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Figure 6-1. Schematic of the major aspects contributing to an fNIRS system’s ability to measure
cerebral hemodynamics.

6.2.1 Coupling

6.2.1.1 Progress made and lessons learned

As discussed in Chapter 2 section 2.1.2, the ability to get optical components in the
desired position at the scalp is an important aspect of fNIRS system performance. In moving
from AP-1 to AP-2, one important addition included in AP-2 was the additional flexibility of
long-path emitters in the sagittal plane, which was implemented due to the experimenter’s
observation'> (discussed in section 2.3.1) that the AP-1 headband would often appear to be
tilting, such that its posterior section was higher off the head, tilting downward; moreover, this

‘tilting” of AP-1 caused a substantial detrimental effect'® on signal quality in ~10% of

15 In addition to observations from internal testing

16 These observations were noted in the experimenter’s log as a result of the observation that posterior measurement
locations appeared to have obviously worse lower signal quality (i.e., less presence of cardiac pulse and Mayer
waves), and that the posterior portion of AP-1 was visibly tipped up off of the head.
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participants, and was determined to have been in part caused by the lack of flexibility of AP-1 in
the sagittal plane: since heads that were more concave, as opposed to more flat would force the
AP-1 prototype to become unable to make contact with the scalp with all its optical components.
And while no controlled test was performed between two fNIRS prototypes differing only in this
manner, no observations of this ‘tipping phenomenon’ and the associated detriment in signal
quality in posterior measurement locations were noted in tests conducted with AP-2. These
changes were made in conjunction with the change from lower- to higher-power LEDs (see
section 6.2.2 below)—as given that these higher-power LEDs required larger circuit boards,
there was a need to change the mechanism used to attach the circuit-boards housing these higher-
powered LEDs to the medial portion of the headband. Given this reality, these changes were not
implemented in a controlled manner (e.g., the new sagittal flexibility was not implemented with
lower-powered LEDs first, in order to identify their unique benefit to performance), but rather
were implemented simultaneously. While this does limit our ability to isolate the effects of this
change to how light guides were coupled to the scalp from AP-1 to AP-2, the fundamental
geometry (that an additional degree of freedom in the sagittal plane would allow for a better fit
between heads varying in their curve in this plane), together with the observation of reduced
‘tipping’ of the AP-2 headband in the sagittal plane, suggests that this change improved the
performance of the Axem Home prototype within the domain of coupling light transmitting parts
to the scalp.

Another aspect of fNIRS system design that relates to ‘coupling’ is both the interface
between light transmitting parts and any hair which might be present, as well as the ability to
manipulate this interface (either by the wearer of the fNIRS system or a research assistant). As

described in Chapter 2 (section 2.1.2), the typical research-grade solution to this problem (to
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enable a research assistant to manually remove an optode, divert any obscuring hair, and return
the optode back to its original position) is incompatible with an fNIRS system meant to be used
independently; therefore, the Axem Home would need to ensure another solution was employed.
The solution employed by both AP-1 and AP-2 was low-durometer light guides, which are wider
than typical fiber optic cable (in this case, with its width matching the lens of the LED it is being
butt coupled to), and thus enable a relatively comfortable-feeling concave lens (as a narrower
concave lens might have been felt on the scalp more like a needle). This solution allows the
wearer of AP-2 to shift the device around on their head themselves in order to improve the
penetration of its light guides through the hair, in a way that would not be possible with a device
that employs more pointed light guides, and/or light guides made of a higher durometer material
(e.g., acrylic). While this design surely can still be improved upon (see next section), in
particular to allow for adequate coupling in the presence of voluminous hair, or hair that is styled
in tight braids (which were not tested in this work), this solution appeared to work well across a
wide range of individuals, and moreover may have been made more effective by the addition of
sagittal flexibility in AP-2—since with this sagittal flexibility the user’s ability to ‘work the
device through hair’ results in more pressure being applied to the scalp (i.e., resulting from
pressure of the band flexing in the coronal plane as well as the pressure from the springs flexing
in the sagittal plane) thus making it more likely to improve contact between the scalp and optical

components.
6.2.1.2 Limitations and future directions for the Axem Home and ergonomic fNIRS generally

There are several avenues that would be worth exploring and building on to improve the
function of the AP-2 prototype. Firstly, it would be useful to better understand the trade-off

between the durometer used in light guides and light transmittance performance (both acutely
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and over time). Indeed, previous fNIRS prototypes developed by Axem (not discussed in this
dissertation) utilized acrylic light pipes, since acrylic is a commonly used material for light
guides in research grade fNIRS systems!”. While optimal from the perspective of light
transmittance, acrylic is a very hard material (with a Shore A durometer >90!; with values >80
considered ‘hard’?) the design of the light guides used in AP-1 and AP-2 did take this trade-off
into consideration—specifically a Shore A durometer of 70 (a value considered to be at the
intersection of ‘medium soft’ and ‘medium hard’; or, approximately the hardness of a tire tread)
was chosen because it was hypothesized (through the testing of sample materials) that it would
be unlikely to deform when in use in AP-2 (established though observational testing with the
non-Lumisil pipes, then by testing on the actual Lumisil pipes), to the extent that the light
transmittance through it would be negatively impacted, but also that its durometer was not so
high that it would be painful and/or uncomfortable to wear during extended sessions of use, and
might enable comfortable manipulation by the wearer to attempt to have the light guides better
penetrate the hair. Failing to strike the right balance in this trade-off could have dire
consequences in either direction: not considering comfort enough could render the device
undesirable by users, while allowing the light guides to be too soft would cause them to be
deformable,® which could then reduce internal reflection back into the light guide, resulting in
greater light losses* and thereby worse signal quality (causing less light to arrive at the fNIRS
system’s detectors, potentially invalidating the fNIRS data and rendering the device incapable of
achieving its intended use); or become susceptible to physical damage, resulting in a gradual loss
of its light-transmitting ability over time. However, this decision was based on the testing of

several sample parts which were not capable of light-transmittance (being made of material other

17 E.g., http://www hitachi-medical-systems.eu/products/optical-topography/etg-4100.html, https://nirx.net/nirscout

184



than Lumisil, the optically-transparent silicon used for the light guides in AP-1 and AP-2), and
thus the trade-off between comfort and light transmittance for these light guides was never
explicitly explored!®; doing so might enable parts of lower durometer (which would thus be more
comfortable) to be used with little or no reduction in light transmittance.

Another area that might be explored in future work building off the AP-2 is the use of
longer light guides that would be capable of protruding from the main headband unit more or less
based on the volume of hair—with more protrusion needed for more voluminous hair. Related
solutions are employed by some research grade systems, that allow a research assistant to
manipulate the tensile properties of springs which control the protrusion of optical components.
While there is not an obvious way to translate this technique to an fNIRS system meant to enable
independent measurement, related solutions (e.g., it may be possible for the wearer of the device
to press a button on the device itself that then initiates an automated mechanical process,
whereby the protrusion distance of the light guides are extended until they are either fully
extended or it is detected that the springs pushing out the light guides are sufficiently tense) may
be worth exploring in order to improve the ability of AP-2 to facilitate contact between its optical

components and the scalp even in the presence of very voluminous hair.

6.2.2 Notes on Emission

6.2.2.1 Progress made and lessons learned
As described in Chapter 2 section 2.1.2, the main two sub-components of emission with respect
to fNIRS system design are the wave lengths of light utilized, and the details of light

transmittance. Unfortunately, innovating on wave lengths of light utilized in an fNIRS system is

18 Rather, the decision to select Shore A 70 Lumisil was based on the perception that, in preliminary testing, material
of this durometer (though no lower) would not visibly deform in response to approximately 31bs of pressure (with 3
Ibs being an upper band on the approximate weight of the Axem Home system)
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challenging—given the high cost of the equipment and expertise required to develop novel LED
and laser technology (due to the complex chemical processes required to fabricate the
semiconductor wafers and grow the epitaxal layers that are required for the construction of
dies®), the ability to construct truly custom LED and/or laser components is not possible for
groups with limited research and development budgets. However, the move from AP-1 to AP-2
involved several innovations with respect to light transmittance. Firstly, the shape of the light
guides themselves were changed from AP-1 to AP-2: improvements to the shape of the light
guides were made that resulted in a significant improvement in light transmittance. This
improved design optimized to collimate the maximum amount of light possible, whereas the light
guides used in AP-1 contained features that served mechanical properties (e.g., to make them
convenient to hold in place within the headband). Specifically, the pipes used in AP-2 used a
tapered section at their base (see Figure 6.2) as the area from which other mechanical parts might
hold it in place, as opposed to the hard angled cut-out mid-way up from the base used in the AP-
1 design (i.e., the section where an illustrated light ray is exiting the pipe in Figure 6.2). Moving
this section to the base of the light guide results in a smaller proportion of light interfacing with
this section (since the chance of this occurring increases as you move down towards the distal
end of the pipe, due to the scattering pattern of the light); moreover, the change from a
rectangular-shaped, 90 degree cut-out to a tapered pattern results in fewer light losses from light
interfacing with this area of the pipe, due to the fact that the angle between the tapered surface
the shaft of the pipe is decreased, making this tapered angle closer to the critical angel of total
internal reflection, and thus causing more light that strikes this portion of the pipe to be reflected

back into the light guide.*
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Figure 6-2. Light guides from AP-1 (left; butt coupled to the light guides used in AP-1) and AP-2
(right; butt coupled to the light guides used in AP-2) fNIRS systems shown, dotted light
represents hypothetical light ray emitted from the same location within the LED lens, and at the
same angle.

And secondly, the most significant change from AP-1 to AP-2 that was made was the
use of more powerful LEDs in AP-2. While this increase in power provided the most significant
increase in number of photons being delivered from the terminus of the light guides, as
mentioned in the preceding section, the exact effect of this change compared with other changes
that were introduced simultaneous are not isolated in this work. However, it is important to point
out the significant trade-offs that increasing the power output of an fNIRS system’s emitters
introduces: mainly (1) the need for a power supply that has the ability to deliver larger amounts
of current and overall greater capacity (i.e., battery life), as well as (2) the need to manage the
increase in thermal energy created as a by-product of having an fNIRS system emit more light.
In the case of the AP-2, this required the use of a more powerful battery (and thus a modification

to the design, wherein which the battery was positioned at the back of the head as opposed to at
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the vertex) as well as larger circuit-boards to both house the more expansive supporting circuitry
required to control the more powerful LEDs, as well as the larger heat sinks needed to dissipate a
larger amount of thermal energy these higher-power LEDs generate when compared with the

lower-power LEDs used in the short-path channels of AP-2 (and for all channels in AP-1).

6.2.2.2 Limitations and Future directions for the Axem Home and fNIRS generally

As discussed above, significant strides were made in light transmittance between AP-1
and AP-2, though those strides associated with increasing the power of emission were
accompanied by trade-offs. In particular, the trade-off of increased heat is especially fraught,
given the need for the Axem Home device to keep all external parts <43 degrees Celsius.°
Therefore, future work might endeavor to better mitigate the downside of increased heat by
improving the Axem Home’s ability to draw heat away from its external parts (i.e., the portions
of the headband adjacent the LED, as well as the light guide). Such a method might involve an
expansion of the size, a change in heat sink material, and/or a change in the geometry of the heat
sinks used (though the limited internal space available makes this challenging and is associated
with its own mechanical performance trade-offs). Of course, another way to improve this trade-
off would be to determine ways to direct a larger proportion of the light generated by an LED
source to the scalp (while maintaining comfort and robustness). One potential method may be
though affixing the LEDs to the light guides via an epoxy, which would reduce Fresnel losses’
associated with having an airgap between the LED lens and the light guide—see Figure 6.3 for
an illustration of phenomenon, as well as its interaction with the degree of LED light
collimation.® And while the work described in the preceding section did include optimizing light
collimation (and thereby transmittance) from the point where the light guides butt coupled with

the LEDs to the scalp (i.e., optimization of the light guide’s geometry), it may also be possible to
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take this work further, and to optimize the collimation of the light from the point where it is
emitted from the LED lens itself. Such a solution may take the form of a nano-material-film
overlaying the case of the LED, which is selectively optimized to collimate light within certain
frequencies.’ A similar concept is currently used in the aviation industry to prevent laser attacks
on planes (e.g., by selectively diffusing light when it hits the film on the plane’s windshield),”
and such solutions may be used in in this case as well to allow an fNIRS system to capture a

greater proportion of the light its parts are generating for its purposes of brain measurement.

50%

45%

—O—LED only
—e— LED+CPC

40%

35%
30%

25%

loss at airgap

20%
15%

10%

5%

0%

0.0 0.5 1.0 1.5 2.0
air gap [mm)]

Figure 6-3. Figure 6 from Tessnow et al. (2007).% Theoretical Fresnel losses at an air gap,
comparing standard surface Lambertian (i.e., flat lensed) LED (LED only) versus a fully
collimated source (LED + CPC, or compound parabolic concentrator).

6.2.3 Notes on Detection

6.2.3.1 Progress made and lessons learned

Unfortunately, innovations in light detection, like innovations in wavelength selection
discussed in the preceding section, are challenging to implement. Given the high level of

expertise required to innovate on the fundamental process of light detection itself (for similar
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reasons as listed above, for the difficulty in fabricating one’s own LEDs), an fNIRS
manufacturer is left primarily to the choice of which commercially available optical detector to
choose, and how to design their system around this detector. The silicon photodiode (SiPD)
chosen for AP-1, and also used in AP-2, was determined to be the most sensitive SiPD for the
wavelengths being employed for fNIRS measurements, and (as discussed in the next section)
while this is fertile ground for future innovation, there was no significant innovation or
improvements made on this front in the evolution from AP-1 to AP-2.
6.2.3.2 Limitations and Future directions for the Axem Home and fNIRS generally

The evolution of fNIRS has in part been a result of the increasing availability of
increasingly sensitive detectors. As avalanche photodiodes (APDs) and silicon photomultipliers
(SiPMs) gradually become more affordable, we have increasingly seen them used in fNIRS
systems. Avalanche photodiodes are a particular type of SiPDs that possess internal gain by
means of a high reverse bias voltage (100-500V!"); this means that the signals APDs pass to an
amplifier have already had a gain factor (of 30-200'2) applied, increasing their sensitivity far
beyond that afforded by SiPDs.!* Whereas SiPMs consists of an array of thousands of single-
photon APDs (called ‘pixels’);'* this approach means the bias voltage required (given that it is
only needed to create internal gain for each single-photon APD, they require only ~30V'?) is
significantly lower than that required by traditional APDs, and that their internal gain generated
is orders of magnitude larger than that produced by APDs.!! While APDs are a popular choice

for several non-mobile fNIRS systems (e.g., https://nirx.net/nirscout), the use of SiPMs, while

proven feasible and highly effective,'® their use has yet to become widespread, with SiPMs are

not currently employed in any commercially available fNIRS systems.
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However, at present the use of APDs and SiPMs both present significant challenges for
the development of a scalable and ergonomic fNIRS system. Both APDs and SiPMs require very
precise temperature monitoring and calibration, since both devices ability to take accurate
measurements depend on controlling their internal temperature with great precision;'>!7
moreover, the high bias voltage required by APDs introduces significant safety challenges for
their integration with wireless fNIRS devices (see Figure 6.4 for an example of a mobile system
utilizing APDs),!®!” and the large amounts of data generated by the single-photon pixels of
SiPDs requires extremely sophisticated custom microprocessor circuitry.?? And finally, both
APDs and SiPMs remain very expensive (>1 order of magnitude) compared with the

commodified SiPDs.

(@

Figure 6-4. Example of a mobile fNIRS system utilizing APDs.

For these reasons, at present the Axem Home is not a good fit for the use of APDs or
SiPMs: even more so than the trade-offs between increasing the power of emission and a
corresponding increasing need for additional circuitry and thermal management, using APDs and
SPMs necessitate even more significant increases in the complexity of the circuitry required, as

well as the need to manage the vastly larger amounts of current that these components require
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(which increases the safety risks by orders of magnitude, as opposed to the generally linear
increases in safety risks associated with the introduction of increasing the power output of an
fNIRS system’s emitters). However, this is a rapidly developing area, and one that might be of

interest to Axem as it charts its long-term plans to improve upon its fNIRS technology.

6.3 - HUMAN FACTORS LESSONS LEARNED AND THOUGHTS ON FUTURE
DIRECTIONS: DEVELOPMENT OF AN AT-HOME {fNIRS BRAIN-
COMPUTER-INTERFACE SYSTEM FOR STROKE REHABILITATION

6.3.1 — fNIRS Hardware User Experience: Limitations, L.essons L.earned, and Future
Directions

While the framework referenced in the preceding section (illustrated in Figure 6.1)
adequately captures the major factors dictating the ability of an fNIRS system to gain adequate
signal, its focus is narrowly on only the most fundamental elements associated with gaining an
fNIRS signal, not considering the types of cerebral signals that are of interest or during which
tasks. When considered in light of the specific intended use of the Axem Home fNIRS headband,
some key omissions are the requirements that the optodes facilitate comfort over lengthy and
repeated uses (given that its purpose is to compel the user to complete large volumes of
rehabilitation), while being impervious to a modest level of movement (enough to accommodate
seated, upper-extremity rehabilitation tasks in individuals who, unavoidably, may also be
performing compensatory movements of the trunk and/or lower body). These inter-related issues
relate to items 1-3 and 8-9 on the framework illustrated in Figure 1. The three sub-components of
coupling (i.e., items 1-3), as well as light transmission (or item 8, ‘optical path’) all represent
something of a trade-off with comfort, since solutions which optimize for these sub-components
alone will be solutions imparting mechanical stress onto the user’s scalp, thus potentially causing
discomfort. It is for this reason that solutions for comfort must always be considered in light of

their deleterious impact on an fNIRS system’s ability to achieve adequate light transmission to
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the scalp. Likewise, the amount of power used by an fNIRS system (i.e., Figure 1 item 9) also
represents a factor wherein optimizing for light delivered to the scalp will result in discomfort,
given that emission sources which generate large amounts of power generate greater amounts of
heat (although it should be noted that this trade-off is significantly less severe when using lasers
as opposed to LEDs, given their superior efficiency; however, lasers are not suitable for portable
fNIRS applications due to the substantial supporting circuitry required); internal testing within
Axem has revealed that if an fNIRS system is generating sufficient heat to cause discomfort, that
this effect is strictly time-dependent—i.e., it scales linearly with the amount of time (within a
given session) they use the device; this is distinct from the nonlinear relationship we have
observed between mechanical stress and time, whereby discomfort often remains negligible until
a threshold is crossed and discomfort increases quickly. This means that an fNIRS system meant
to be used for any reasonable length of time (e.g., >10 minutes) should not impart discomfort to a
user based on the generation of large amounts of heat. Also, unlike mechanical stress, the process
of causing discomfort via heat is more likely to sensitize the skin,?! making repeated uses of such
an fNIRS device problematic.

Another aspect not included in this framework that is highly relevant to the development
of the Axem Home headband is the challenge of proper positioning of the optodes. While
experimental fNIRS systems can rely on researcher intervention to provide a reliable solution to
this problem, in the case of the Axem Home the user of the {NIRS device themselves must be
able to independently place the device within a precise range of valid measurement locations that
spans only a few centimeters (presently the range of valid measurement locations are estimated
to be those validated through the studies in Chapters 2 and 3: a 4cm range spanning lcm

posterior to CZ to 3cm anterior to CZ). These considerations interact with and mirror item 3 in
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Figure 1: just as the Axem Home must enable the wearer of the fNIRS device to independently
manipulate the coupling interface between the light guides and the scalp, it must also facilitate
correct placement on the head. As described in chapter 4, this is an aspect of the Axem Home
user experience that is far from refined, with most participants in the present study failing to
correctly place the surface model prototype used in that study. As discussed in Chapter 4, this
unique challenge may necessitate a re-consideration of the design of the AP-LL going forward,
with more emphasis placed on using the design of the device to make its proper placement
inevitable. Specifically, it may be necessary to move away from the ‘one size fits all’ vision for
the Axem Home headband, and bring in some aspect of custom fit into the design—if not with
respect to the main headband unit, then potentially to the strapping system used. Inspiration
might be taken from the human factors work that has been done on virtual reality headsets,
where it has been learned that the weight distribution of the device must be such that users are
compelled towards placing the device in the correct location (since placing it elsewhere feels
uncomfortable or makes the device feel unstable), and that multiple degrees of freedom for
adjustment to the shape of an individual’s head should be provided in a seamless and easy-to-
understand manner.??> However, to our knowledge, the need to design a device that (1) fits well to
a variety of heads, (2) allows for quick independent set-up, and (3) requires precise placement on
the head is a unique human factors problem that other head-mounted electronics devices (e.g.,
virtuality reality headsets), or even other wearer-donning neuroimaging equipment (e.g.,
Interaxon’s Muse EEG device, which only requires the user to place the device’s sensors on the
forehead, with no real import given to the precise plane at which they sit) do not need to contend
with on this level. For this reason, there are few precise parallels to this human factor problem,

and therefore Axem must simply take the appropriate development time to iterate on solutions to
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this problem, and these solutions may in the future be used to inform other regionally-bespoke
neuroimaging systems. While the details of implementation are beyond the scope of this
dissertation, in the time since the work described herein took place, this approach of adding an
element of adjustment to the Axem Home has borne substantial progress, with better legibility of
the affordances of the headband (i.e., reduction in the propensity to place it incorrectly) and

greater consistency with respect to placement (see Figure 6.5).

T

Figure 6-5. Axem Home headband prototype as of January 2021. This prototype includes a one-
time adjustable forehead strap that is sized depending on the head size of the wearer (i.e., this
strap would only need to be sized by the wearer upon first use), as well as an adjustable band
back that allows for a snug fit to be achieved each time they don the device.

6.3.2 — Axem Home Software User Experience: Limitations, Lessons Learned, and Future
Directions

As with the development of the user experience for the Axem Home headband, the
development of the Axem Home software app remains a work in progress, with many key issues
unresolved with respect to the overall direction of its design. While (as discussed in Chapter 4)
the menu systems were perceived as moderately easy to navigate (see Table 4.5), and proved
feasible for use by all stroke survivors included in the formative usability study (Chapter 4), it
remains to be seen whether the structure of rehabilitation sessions defined by AP-S in Chapter 4

is viable for extended, independent use. Moreover, AP-S did not include several aspects of the
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app that will be required in any manifestation of the final product—e.g., there was no
requirement to log into the app, connect the headband via Bluetooth, nor to calibrate the
headband.

And while the formative usability study presented in Chapter 4 provided a preliminary
indication of the usability and perceived usefulness of the prototype holistically (see Table 4.5),
any concrete test of product ‘stickiness’ (i.e., the ability for the software to compel the user to
use it?*%), which is be a pre-requisite to using the Axem Home to enhance compliance to a home
rehabilitation program, was beyond the scope of this dissertation. While the use of gamification
(used here in the strictest sense of the word, to refer to Skinnerian operant conditioning linking
the completion of tasks to otherwise-only-arbitrarily-related rewards?) could surely be ‘slapped
on’ (i.e., applied in a relatively straightforward, formulaic manner, the same way it might be
towards any healthy-behaviour-promoting product?®) quickly, the integration of any gamification
elements with the specific design language of the software would be a nuanced and challenging
undertaking?’-?® that will require significant future design iteration to optimize in the case of the
Axem Home software.

However, over and above the implementation of gamification, one of the major
opportunities for the Axem Home software to drive engagement is making the rehabilitation
exercises themselves pleasant to use—in other words, making the rehabilitation exercise itself a
type of serious game.!® On this front, the formative usability study presented in Chapter 4 did
make at least some minute progress. While the video presentation of the rehabilitation exercises

tested in the study presented in Chapter 4 did prove comprehensible by users (Table 4.1), the

19 Serious game here meaning a game that is not primarily for entertainment, and that is designed with the goal of
promoting some utility function that is larger than the elements comprising the game itself (e.g., to promote a
healthy behaviour).?’
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lack of interactivity may prove to be an impediment to long-term compliance. Thus, one
important aspect to explore in the long-term development of the Axem Home app is embedding
legible game mechanics into the very act of performing rehabilitation exercises. The most
apparent mechanism for this would be through some type of motion tracking mechanic. The
main advantage that rehabilitation software based on motion tracking inputs has is the
immediacy with which the user’s movements are instantaneously transformed into a meaningful
element within a comprehensible, reinforcing game environment. This approach greatly expands

the possibility space of game mechanics that might be utilized, and has been shown feasible in

30,31 32-35

enhancing the engagement of both lower-""" and upper-extremity stroke rehabilitation.

And while there are surely many game mechanics based on real-time neurofeedback that
might be integrated into the performance of rehabilitation exercises, there are not many examples
of this in practice.’® Thus, it should be a future priority for Axem Neurotechnology to investigate
the use of camera-based motion tracking technology (potentially utilizing the front-facing
camera already present on any tablet that will be used for use of the Axem Home app)?’ into the
Axem Home app, given the ability of motion-tracking based feedback to increase the immediacy
of the interactivity associated with performing rehabilitation movements.

However, in lieu of these trappings of interactivity, the Axem Home software’s
immediate direction ought to focus on better understanding the relative strengths and weaknesses
of using the video for instructional purposes (i.e., provided to help the user understand the
actions to be performed) and imitation purposes (i.e., provided as an evidence-based aid in

generating a more effective motor simulation”). This pursuit also relates to the use of the Axem

Home for the performance of rehabilitation exercises via motor imagery as opposed to motor

20 And/or movement tracking on the tablet itself (e.g., a whack a mole game wherein the user is to tap moles that
appear at various areas of the tablet’s screen).
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execution—with imagery and execution both potentially benefiting from the use of videos for
imitation purposes,?! while also benefiting from the use of videos for strictly instructional
purposes (since in some cases during motor execution a user might want to focus on their
extremities being moved, while during imagery they may at times prefer to close their eyes to
better visualize the movement, or to better block out distractions); a better understanding of this
trade off, of when one approach might work versus the other, will be an important aspect of
making the user experience of the Axem Home app a rewarding one. Moreover, a better
understanding the role of videos presented for instruction versus presented for imitation might
also aid in the integration of real-time neurofeedback into the Axem Home app in the future.

On the topic of neurofeedback, the lack of progress on this front in Chapter 4 represents a
major deficiency in this dissertation’s attempt to characterize the feasibility and utility of the
Axem Home system. As discussed in Chapter 4, due to technical problems with the calculation
of the neurofeedback signal in that study (in addition to the study’s premature termination due to
COVID-19), that study provided only the most preliminary steps forward for Axem’s
understanding of how neurofeedback might function in the Axem Home app. In particular, the
one finding that study garnered on this front was the finding that a discrete, quantified
neurofeedback signal—in this case a percentage—was frustrating and demotivating This finding
aligns with the majority of other effective neurofeedback systems, that have tended to present
feedback to users in an implicitly (versus explicitly) quantified manner (i.e., as a line moving up
or down within an implicitly ambiguous 2D space, as opposed to floating point values within
explicitly defined range). However, it is possible that it is not the explicit nature of the feedback

signal per say, but rather the use of a point estimate specifically which was suboptimal. Support

2! The implementation of neurofeedback based on motor imagery and action observation having been shown to be
feasible previously.?®
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for this idea comes from the only M1 neurofeedback study that experimentally compared the
effectiveness of real-time versus delayed M1 neurofeedback during MI*°. This study used a
‘thermostat’ style visualization to represent the level of contralateral M1 activity either in real-
time during MI, or during rest blocks following MI blocks (see Figure 6.2). While this
thermostat-style visualization does not assign a point estimate value to the neurofeedback score
being presented, it does represent neurofeedback scores within an obvious, explicit range of
potential values (with an easily legible view of all the possible scores). The hypothesized reason
point estimate values are suboptimal (as deduced from notes taken during usability interviews) is
that they cause frustration over and above any frustration communicated by non-point-estimate-
based neurofeedback score displays (i.e., a low percentage may be perceived as more negative
than an empty thermostat, simply because of the user’s prior associations with percentages). This
suggests that either (1) the use of a point-estimate neurofeedback score (as opposed to an
explicitly defined neurofeedback score) is suboptimal for neurofeedback systems in general, or
that (2) the use of a point-estimate value neurofeedback score is uniquely suboptimal for
neurofeedback systems designed for stroke survivors. Regardless, it suggests that it is likely best
to avoid such neurofeedback displays going forward for the design of the Axem Home app’s

neurofeedback scores.

199



a) Continuous Feedback A Continuous Feedback

o E HII 21l

| i

b) Intermittent Feedback B Intermitient Feedback ——

Figure 6-6. Illustration of both types of neurofeedback used in a study testing the efficacy of
intermittent versus ‘real-time’ motor imagery neurofeedback.

Another unresolved aspect of the present work is the potential for using real-time
neurofeedback (during motor imagery and/or motor execution) in the Axem Home app. While
the AP-S system tested in the study presented in Chapter 4 did not have the ability to provide
real-time feedback, all fNIRS MI neurofeedback studies to date have utilized real-time (versus
intermittent) neurofeedback. For instance, effective fNIRS-based MI neurofeedback systems
have utilized line graph representations of relative oxyhemoglobin*® (see Figure 6.3, left pane,
for an example), as well as bar graph*!, and heatmap representations*?. All of these methods of
presenting neurofeedback scores involve translating a point-estimate (i.e., a 50% score of a
possible 100%) to either a colour scale (in the case of the heat map) or spatial (in the case of the
line and bar graph) representation. Another method of presenting M 1-based neurofeedback that
has been utilized* with an EEG-based system is the use of a threshold-based neurofeedback
signal, whereby during an active period of MI a feedback signal is only presented if the user’s
level of M1 activation reaches a pre-determined threshold. In this case the feedback presented
was a proprioceptive stimulus delivered to a prosthetic hand, but this technique is worth

mentioning for its innovative design: not only did it use a unique threshold-neurofeedback-
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system, it utilized a digital mirror box-style presentation for the active period via a tablet, a

technique which could potentially be used in future Axem Home software (Figure 6.3, right

pane).

Figure 6-7. Left pane - Illustration of the neurofeedback score display utilized in Kober et al.?’
Green areas represented task periods while grey areas represented rest periods. The line graph
would only display the relative oxyhemoglobin value during task periods, and following each
task period the user was given a score based on the slope of the oxyhemoglobin value during that
task period (i.e., the “+6 " in this screen) which would be added to their cumulative score (i.e.,
the “4” in this screen). Right pane — illustration of digital mirror box task used in®>.

It is clear the future of both the method with which the Axem Home guides rehabilitation
sessions and presents neurofeedback both require extensive further development. In the short-
term, the role of videos for instructional and/or imitation purposes must be better articulated, and
improved intermittent neurofeedback presentations must be tested; while in the longer-term,
experiments with integrating motion-tracking into the rehabilitation exercise, as well as bringing
in some aspect of real-time neurofeedback warrant exploration. Moreover, other simpler features
warrant inclusion in the short-term, such as the addition of a level of gamification (e.g.,
cumulative points and rewards for completing exercises across rehabilitation sessions). If strides
can be made on all these fronts, to the point where the performance of rehabilitation exercises

feels seamless and natural, and the neurofeedback presented feels legible, tangible, and the user
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feels rewarded for returning to the Axem Home app, the experience may begin to feel
meaningful—an achievement that may render the otherwise arduous task of post-stroke

rehabilitation slightly more tolerable.

6.4 — THE POTENTIAL OF fNIRS BIOMARKERS IN STROKE RECOVERY:
PROGRESS, LIMITATIONS, AND FUTURE DIRECTIONS

As discussed in Chapter 1 section 1.3.2, the laterality of M1 activity during simple
unilateral movements of the paretic upper-extremity (i.e., M1-LAT) in stroke survivors
represents an intriguing potential neural biomarker of post-stroke motor recovery. In brief, not
only has M1-LAT been shown to correlate with the functional status of the upper-extremities,
even when controlling for time since stroke, it has also been shown to be predictive of the
response to rehabilitation intervention (see Chapter 1 section 1.3.2). Moreover, as outlined in
Chapter 1 section 1.3.3, resting state M1 interhemispheric functional connectivity (i.e., M1-rsFC)
has also been shown to both correlate with and predict stroke survivor’s functional status (see
Chapter 1 section 1.3.3). Thus, in the future, it may be feasible to use M1-LAT measurements
throughout stroke survivor’s recovery to predict treatment response, in order to advocate that a
patient receive more rehabilitation, or to best optimize rehabilitation resources across an entire
healthcare provider (e.g., inpatient rehabilitation facility with limited capacity) or payer (e.g.,
insurance company that desires to generate the best motor outcomes for the lowest expenditures).

In Chapter 5 of this dissertation, the ability of a preliminary Axem Home prototype to
measure M1-LAT was demonstrated cross-sectionally in a group of 11 stroke survivors; that
study found a positive correlation between M1-LAT and both the upper-extremity Fugl-Meyer
Assessment and the hand sub-scale of the Stroke Impact Scale (see Chapter 5, Figure 5). These
findings suggest that it may be feasible for stroke survivors to independently take M1-LAT

measurements from their own brain activity generated during rehabilitation using a wireless
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fNIRS system suitable for use in their homes. In addition to acting as the basis for an accessible
neurofeedback system for post-stroke rehabilitation (a topic which was not explored sufficiently
in Chapter 5 to warrant additional explanation here), the accessibility of this technology has the
potential to greatly expand the scale with which M1-LAT measurements are gathered. However,
a limitation of this dissertation is that at no point was any resting state paradigm employed.
Given that fNIRS has been shown to be feasible to gain resting state measurements that are
analogous to those taken by fMRI,* and moreover that fNIRS has been used to document the
expected increase in M1-rsFC associated with post-stroke motor recovery,* this represents a
notable shortcoming. While the focus of this dissertation on preliminary validation aligned better
with a focus on event-related designs (in particular the performance of simple motor tasks, which
allowed several characterizations of M1-LAT across healthy controls in Chapters 2-3, and
chronic stroke survivors in Chapter 5), the absence of any resting state tasks throughout this
work represents a notable limitation that should be rectified through the collection of resting state
fNIRS data on stroke survivors, from an Axem prototype, in the near-term future.

Moreover, as discussed in Chapter 1, there remains uncertainty about the precise
mechanism at play underlying the relevance of M1-LAT to post-stroke motor recovery—with
studies both supporting and discounting the hypothesis that a normalization of M1-LAT in stroke
survivors reflects a normalization of maladaptive IHI. Supporting this mechanistic explanation
are studies showing a normalization of M1-LAT upon inhibition (via TMS) of contra-lesional
M 146-32; while other work has found that a normalization of M1-LAT was not accompanied by a

co-occurring reversion to typical mIHI>

. This suggests that while mIHI is a cause of atypical
MI-LAT, it is not the only cause, as M1-LAT can be normalized in spite of a continuation of

mIHI. Other potential underlying pathologies that may cause atypical patterns of M1-LAT
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include damage to the CST connecting the ipsi-lesional hemisphere to subcortical regions
(leading to diaschisis and therefore hypoactivation of ipsi-lesional M1),%* or cellular damage to
ipsilesional M1 itself.>

Another avenue that requires better understanding is the cases in which stroke survivors
demonstrate improved motor outcomes with an increasingly atypical M1-LAT pattern®®-%2, This
suggests that for a sub-set of stroke survivors, their best chance for optimal recovery lies in the
hyper-activation of the contra-lesional M1. Given that this pattern has been shown to occur in
individuals with very large lesions®, and/or lesions which have caused large amounts of damage
to M1 or the corticospinal tract (CST®?), this might suggest that the viability of the ipsilesional
CST pathway is the main determinant of whether M1-LAT might represent a metric which ought
to be optimized for normalization or to be made further abnormal. Therefore the use of DTI%3-64
(which are able to provide a quantification of CST damage) may aid in this determination;
alternately, given the demonstrated relationship between M1-rsFC and CST damage,5>%¢ it may
also be feasible to use functional resting state measurements at M1 for this purpose also.

Likewise, (as discussed in Chapter 1 section 1.3.3) while M1-rsFC has consistently been
found to be associated with motor recovery from stroke, there are nuances with respect to its
variable interpretations in stroke survivor’s with and without serious CST damage, as well as to

6667 Tn order to maximize the utility of its M1-based

its role at different phases of recovery
neurofeedback, as well as the utility of the Axem Home to predict and optimize rehabilitation
treatment, future research and development on the Axem Home will need to better resolve this
uncertainty; ideally, such work would build towards the capacity to derive answers to these

questions, through fNIRS measurements alone, or in combination with other inputs from the

Axem Home system or relevant items from patients’ electronic health records (e.g., routine
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computerized tomography scans). One of the best candidate biomarkers for providing more value
to the Axem Home’s fNIRS data, in both differentiating stroke survivors who should have their
ipsi-lesional M1 activity enhanced or attenuated, as well as in more broadly resolving how to
interpret M1-LAT and M1-rsFC for optimal predictive power, could be CST damage as
measured by diffusion tensor MRI, which has also shown to be predictive of stroke survivor’s

64,6869 and which has been shown to be more predictive when combined with

motor recovery
functional measurements from M17°, Future research with the Axem Home would significantly

benefit from the collection of these data alongside longitudinal fNIRS measurements (another

limitation of the work presented in this dissertation).

6.5 — CONCLUSION

The work presented herein chronicles some preliminary steps in the development of a
stroke rehabilitation product that endeavours to, in the short-term, provide compelling at-home
BCI enabled rehabilitation; and which, in the long term, endeavours to use the scalable
functional neuroimaging at its core to help optimize post-stroke rehabilitation—towards the
overall goal of helping health systems around the world improve outcomes. The steps presented
in this work span from initial validation of a novel functional neuroimaging device, to
comparison of a prototype device with an established system, and finally to preliminary testing
with representative users. While obviously incomplete, and not completely chronologically
organized (aspects of all studies occurred simultaneously), this work, and its description herein,
has resulted in many learnings that might be of use to future innovators looking to improve the
accessibility of functional neuroimaging, and/or create novel digital-health-based products for

the promotion of neurological health.
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APPENDIX A — CHAPTER 2 SUPPLEMENTAL MATERIAL

Table below outlines the measurement locations (as per Figure 2.5) that were not working (as a
result of electronics failure on the AP-1 prototype) for subjects of the study outlined in Chapter
2.

Measurement
Subject Locations
7,8,9,10
5 3.4
13 1
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APPENDIX B — CHAPTER 2 SUPPLEMENTAL
PRELIMINARY ANALYSES

Subject classifications for results (used in following histograms):

The following classifications were used to determine the level of functioning of the Axem Pro
prototype. It takes into account (1) the expectation that the expected evoked motor response is
one of preferential contralateral brain activity (i.e., more activity on the left hand side of the
brain for a right-handed task and vice versa), as well as (2) a measure of variability, operating
under the assumption that the increase in oxyhemoglobin during the task period, at a region
involved in the evoked response, should have the lower bound of its confidence interval be >0
(i.e., no change) for at least 2 seconds of the task window.

Worked satisfactorily - For both motor tasks (i.e., right- and left-handed stress ball squeezing),
the measurement location with the highest change in oxygenated hemoglobin during the task
window was in the contralateral hemisphere (e.g., the right hemisphere for a left-handed fist
squeeze), and lower bound of the 95% confidence interval for the change in oxygenated
hemoglobin values was >0 for at least 2 consecutive seconds of the task window.

Worked but not satisfactorily = The above was true but only for one of the two motor tasks.

Did not work = The above was not true for either motor task.

Data Quality Study — Summary

Data quality by subjects
16

As of Jan 16/19... =
N = 36 10
Mean age = 39.33
Sex= F:12 M:24

8

Worked satisfactorily Worked but not satisfactorily Did notwork

m Worked satisfactorily Worked but not satisfactorily m Did not work
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Subjects >50
years of age

N =10
Mean age = 60.8
Sex = F:5M:5

Notes: The “worked but not
satisfactorily” participant clearly did
not have good contact of headset
— this has informed mechanical
design for next version currently in
development. The “Did not work”
participant yawned throughout —
movement artefact reduction was
not implemented in this data but is
currently in development.

Subjects <30

N=14
Mean age = 25.9
Sex = F:5M:9

~

)]

w

0

Data quality - Subjects >50

Worked satisfactorily Worked but not satisfactorily

m Worked satisfactorily

Data quality - Subjects <30

Worked satisfactorily

m Worked satisfactorily
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Data quality by age

4
| I

18-29 30-49 50+

Number of subjects

N

-

B Worked satisfactorily Worked but not satisfactorily m Did not work

Summary of Interim Results
Conclusions drawn from first 36 subjects:

1. Current Axem Pro prototype works well on individuals >50 years of age, likely due to
decreased hair density as well as decreased hair pigmentation.

2. Current Axem Pro prototype does not work satisfactorily on individuals <50 years of age.

3. Data from individuals with dark skin did not seem to differ in quality significantly from
their hair-group- matched caucasian counterparts. However more subjects with darker
skin should be collected to further validate this.

4. The level of light being detected at the photodetector varied considerably between- and
within-subjects, even controlling for the effect of hair. Meaning the optical components
were not making consistent coupling between- and within-heads of various sizes.

Decisions made based on study results:

1. The use of more effective optical components in the Axem Pro final product is warranted
given these results.

2. Further iteration on the mechanical design of the prototype (i.e., in particular making the
position of the LEDs and photodiodes more flexible to perform better on a larger range of
head sizes) is warranted.

Alternate classification for results (used in the following histogram):
We believe the classification used in the previous histograms (using simple but quantitative

decision rules) is the optimal way to determine the level of functioning of the Axem Pro
prototype.
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However, an alternative approach is to use a simple classifier (i.e., an algorithm that seeks to
categorize unlabeled data as belonging to one of two categories). We used dynamic time warping
classification (a simple method of classification that is not deep or recurrent) to attempt to
classify data during task performance (i.e., stress ball squeezing) from rest data.

In the following histogram we categorized subjects’ data as such:

Worked satisfactorily - For both motor tasks (i.e., right- and left-handed stress ball squeezing),
there was a measurement location in the contralateral hemisphere that produced a classification
accuracy >80%.

Worked but not satisfactorily = The above was true but only for one of the two motor tasks. Did
not work = The above was not true for either motor task.

Classification using Dynamic Time Warping

Data quality by subjects
30

As of Jan 16/19...
N =36 &
Mean age = 39.33
Sex = F:12 M:24

10

Worked satisfactorily Worked but not satisfactorily Did not work

m Worked satisfactorily Worked but not satisfactorily m Did notwork
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APPENDIX C - AXEM HOME USER NEEDS
User Needs
The following section describes the user needs requirements for the Axem Home.

Patient User Needs

e UN-P-1. Patient users need device headband to collect valid fNIRS data from the motor
cortex while they perform a reasonably wide variety of seated upper-body movements
(and/or safe attempts and/or motor imagery?? and/or action observation®* of those
movements).

UN-P-2. Patient users need to transport the device headband.
UN-P-3. Patient users need the device headband to be safe and usable in their home
environment.

e UN-P-4. Patient users need to tolerate wearing the device headband for at least 30
minutes uninterrupted, and 45 minutes each day.

UN-P-5. Patient users need to recharge the device headband.
UN-P-6. Patient users need to clean the device headband and to receive instructions on
how often they should clean the device.

e UN-P-7. Patient users need the device headband battery to enable 45 minutes of data
collection time prior to recharging.

e UN-P-8. Patient users need the device headband to refrain from turning on its LEDs
when it is not on someone’s head and device must disable LEDs if headset is removed.

e UN-P-9. Patient users need to be able to consistently and correctly place the device
headband on their heads.

e UN-P-10. Patient users need to navigate the device app in order to (1) conduct
rehabilitation sessions and (2) view results/usage related to past rehabilitation sessions.

e UN-P-11. Patient users need to understand the feedback they receive during
rehabilitation sessions.

e UN-P-12. Patient users need their data to be securely transmitted from the device app to
their HCP.

UN-P-13. The device will be designed so that it can be donned with one hand.
UN-P-14. The Device shall be provided with clear and concise user instructions.
UN-P-15. Labeling must be kept in line with the submissions to the regulatory body
governing the country of sale, including User Instructions and product labeling.

e UN-P-16. The Device must be functional at the time of unboxing.

22 Motor imagery is the mental rehearsal of a movement, whereby one imagines themselves performing the
movement, typically involving visualization of the movement from the first person perspective but with an emphasis
on how it would feel to physically perform the movement.

23 Action observation refers to the perception of movement.
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UN-P-17. The Device Labelling shall be UDI compliant.

UN-P-18. The Device shall be Restriction of Hazardous Substances (RoHS) directive
compliant.

UN-P-19. The Device can be re-used.

UN-P-20. The Device shall be compatible with System Accessories.

UN-P-21. Device must not produce sensitivity or allergic reaction with patient.
UN-P-22. Patient users need to turn device power on and off.

UN-P-23. Patient users need to be aware of the power and connectivity status of the
device headband.
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APPENDIX D — USABILITY QUESTIONNAIRE AND
INTERVIEW

Usability Questionnaire

e How comfortable did you find the Axem Home prototype?
Very comfortable (3)
Comfortable (2)
Slightly comfortable (1)
Neither comfortable or painful (0)
Slightly painful (-1)
Painful (-2)
Very painful (-3)
difficult was it to place the Axem Home surface model in the correct position?
Very difficult (-2)
Difficult (-1)
Neutral (0)
Easy (1)
Very easy (2)
difficult was it navigate the Axem Home app?
Very difficult (-2)
Difficult (-1)
Neutral (0)
Easy (1)
Very easy (2)
useful did you find the feedback provided during movement periods?
Not useful at all (-2)
Slightly useful (-1)
Moderately useful (0)
Considerably useful (1)
Extremely useful (2)
did you find the feedback provided during rest periods?
Not useful at all (-2)
Slightly useful (-1)
Moderately useful (0)
Considerably useful (1)
Extremely useful (2)
did you find the data presented in the ‘Session Review’ screen?
Not useful at all, (-2)
slightly useful, (-1)
moderately useful, (0)
considerably useful, (1)
extremely useful (2)
e How often do you typically perform rehabilitation exercises?

e Ho

e Ho

e Ho

e Ho

e Ho

0O0000%f00000%00000%00000%f00000%0000000
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O O O O

O

Less than once per month (-2)
1-2 times per month (-1)

Once per week (0)

2 times per week (1)

More than 2 times per week (2)

e Using the Axem Home would cause me to spend more time doing rehabilitation
exercises.

O
O

@)
@)

Strongly agree (2)
Agree (1)

Neutral (0)

Disagree (-1)
Strongly disagree (-2)

e If you had access to the Axem Home, how often do you think you would use it?

@)
O

O
@)

Less than once per month (-2)
1-2 times per month (-1)

Once per week (0)

2 times per week (1)

More than 2 times per week (2)

e Using the Axem Home would help me do rehabilitation exercises better.

O

O O O O

Strongly agree (2)
Agree (1)

Neutral (0)

Disagree (-1)
Strongly disagree (-2)

e [ would recommend using the Axem Home to another stroke survivor.

O

1-10 rating

e [ would find the Axem Home useful.

O O O O O

Strongly agree (2)
Agree (1)

Neutral (0)

Disagree (-1)
Strongly disagree (-2)

Items scored such that favourable responses (e.g., very comfortable, or very easy) have a larger
positive number, and unfavourable responses have a larger negative number, with the exception
of the question: “I would recommend using the Axem Home to another stroke survivor” which is
scored 1 to 10 with 10 representing greater likelihood of recommending.
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Usability Interview Guide

Ask about any specific action/behaviour during the test

Follow up on all questionnaire items where they answered unfavorably
How do feel about the system of following along with videos?

Were there some videos you thought this worked better or worse for?
Can you think of any ways that we could improve this video system?

Follow up on their answer to “Using the Axem Home would cause me to spend more
time doing rehabilitation exercises.”

How did you feel about the ratings you were asked to give after each exercise? Did you
understand what was being asked in each question

Ask about the strap; why they chose that technique and what their thoughts are on how
it’s currently designed

On a scale of 1-5 (where 1 is comfortable and 5 is unbearably painful) how did you feel
about the Axem Home prototype you used
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APPENDIX E — AP-LL PLACEMENT INSTRUCTIONS

Original Headband Placement Instructions:

Please attempt to place the headband in a similar position as you see it in
the picture below (so that the band approximately lines up with your
ears). Once you have the headband on, please tighten its strap just so
much that it is touching your jaw (snug but not tight).

See picture below for an example...
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Revised Headband Placement Instructions:

e Please attempt to place the headband as you see it below

e Note that the white band 1s meant to approximately line up
with your ears

e Once you have the headband on, please tighten its strap just
so much that it is touching your jaw (snug but not tight).

See picture below for an example...

|
|
|
|
~
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APPENDIX F - DECLARATION OF INTERESTS

Christopher Friesen is a co-founder of and has stock ownership in Axem
Neurotechnology. Moreover, Michael Lawrence and Tony Ingram are all co-founders of and
have stock ownership in Axem Neurotechnology, while Megan Smith and Eric Hamilton are full
time employees of Axem Neurotechnology (see Section 1.6 — Contributions to Study Chapters).
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