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Abstract
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Assistant Professor Jeffrey Herron
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Professor Rajesh Rao

Computer Science and Engineering

Neurological disorders are the leading cause of disability-adjusted life years and the second leading
cause of death worldwide, with most having no cure. Ensuring people with neurological disorders have
access to effective treatment and care is crucial. This dissertation presents a case study on the delivery
and effectiveness of treatment for people with Parkinson’s disease (PD), a progressive neurodegenerative
disorder that negatively impacts mobility, sleep, vision, speech, psychological well-being, and more. Deep
Brain Stimulation (DBS) is a neurosurgical treatment for PD that delivers electrical stimulation to deep brain
structures. Adaptive DBS (aDBS) represents the next generation of this technology, dynamically adjusting
stimulation parameters in real-time to treat symptoms more precisely. To deliver aDBS in home settings,

infrastructure and remote symptom monitoring are needed.

We conducted a two-year study building and deploying a prototype platform ecosystem to the home of a
person receiving DBS therapy for PD. This novel system used in-home video cameras, wearable sensors, and
chronic neural signal recordings to remotely evaluate treatment efficacy of aDBS during controlled tasks and
naturalistic behavior. The open-source platform ecosystem supports remote updates to aDBS algorithms and

can scale to many users. I next developed kinematic metrics of movement quality that significantly correlate



with clinical symptom ratings from neurologists using data collected from our platform.

Motivated by reviewer feedback and strategies in person-centered design, I explored the participant’s ex-
perience through reflexive thematic analysis of an exit interview and non-numerical data collected through-
out the study. This analysis revealed that actively viewing the participant as the Expert in living with PD, in
living with DBS, and in interacting with our systems will improve the participant’s experience and research
outcomes. The analysis also provides important context to our collected data and kinematic metrics. I for-
mulated key strategies for actively viewing study participants as experts as a guide for student researchers.

Finally, I propose Participatory Action Research (PAR) as a strategy to guide researchers who want to
collaborate with research participants in solving neurological problems. PAR is based on tenets for how to
collaboratively conduct research, offering a flexible framework that engages with a community and centers
the needs of the people that solutions are intended for. I call on the scientists, engineers, clinicians, and
other authorities researching treatments for neurological disorders to stop excluding participants from the
research process, and we outline ways that PAR can assist with the unique challenges of developing more

effective treatments for neurological disorders.
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Chapter 1

Introduction

Neurological disorders are the leading cause of disability-adjusted life years (DALYs) and the second leading
cause of death worldwide, with most having no cure [1]]. The World Health Organization (WHO) calculates
total DALY for a disorder or disease as the sum of years lived with a disability, plus the years of life
lost due to premature death. Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting
approximately 8.5 million people globally, and disability and death from PD are increasing faster than
any other neurological disorder [2]. An estimate from 2019 found that PD caused 5.8 million disability-
adjusted life years. PD symptoms negatively impact many aspects of life, including mobility, sleep, vision,
speech, and psychological well-being [3 14]]. Having such a large range of symptoms presents difficulty for
determining first what symptoms we should treat, and second in determining how to treat them. Treating

one symptom can cause others to newly appear or else to worsen [3]].

Difficulties from symptom inter-dependency are exacerbated by several issues surrounding equity. First,
disabilities from neurological conditions affect certain population groups more than others, including women,
people living in poverty, and people living in rural areas [6]. Second, inequity is rife in clinical neuroscience
research practices. One source of inequity is an extreme lack of diverse data, where research participants
are disproportionately from well-educated Western populations [[7; 8} [9; [10]]. This is exacerbated by insuffi-
cient disclosures about participant demographics in published research, which prohibits group comparisons
from being made [11]]. This is problematic, because demographics such as sex, race, socioeconomic status

and ethnicity affect neural structures and functions and their related behaviors, in direct and indirect ways
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(125 135 (145 115]].

A second source of inequity is lack of diversity in the researchers themselves. This can be difficult to
spot amongst ourselves, but research that is conducted by a homogeneous demographic of people biases
our scientific assumptions and influences the research questions that we ask and the agendas that we set
[12]]. For example, MRI technology utilizes head coils which restricts big or afro-textured hair, and people
with sew-in hair extensions may have metal components keeping them from entering an MRI machine [[16].
Similarly, electroencephalography (EEG) electrodes which are an affordable brain sensing and imaging tool
typically do not accommodate textured hair. In both these examples, using technologies on people they
were not designed for can yield poor quality data that is discarded in later analyses, or else prevent the data
from being collected altogether. This is just one way that designs that are not built for diverse populations

contribute to the lack of diversity in existing data [175 [18]].

All of these factors severely impede our ability to properly replicate or generalize scientific results, which
are two principal drivers for how modern-day research is conducted. This in turn causes our strategies for

treatments, interventions, and developed technologies to be inherently flawed [7 [19].

In this dissertation, I present a two-year case study investigating ways to identify and treat certain symp-
toms of PD through the advent of neurosurgical therapies and integrated systems for delivering treatment. I
first developed a novel system for remotely delivering and maintaining neurotechnology therapy to people’s
homes, in collaboration with researchers from the University of Washington, the University of California,
San Francisco, and the University of California, Berkeley. I developed methods to assess movement quality
as a proxy for determining treatment efficacy outside the observation of a clinician. I then contextualized
my prior work by analyzing the experience of a person with PD who participated in the two-year case study.
This analysis revealed key strategies to counter some of the inequity in neuroscience research practices,

which I formulated into recommendations for future students researching this space.

The remainder of this chapter is structured as follows. In section 1.1, I first characterize PD and describe
current methods for treatment. In section 1.2 I describe the importance of making treatment available to
people at home, and discuss strategies for remotely supporting treatment delivery. In section 1.3, I overview
ways that people are involved in their own care, including interacting with neurotechnology therapies, and

participating in collaborative research that engages with community groups. In section 1.4, I describe the
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longitudinal study that led to this case report. I conclude in section 1.5 by articulating my research aims and

their results that I developed for this dissertation.

1.1 Characterization and Treatments for PD

PD was first described as “Shaking palsy” over 200 years ago by James Parkinson. In fact, PD is char-
acterized by many motor and non-motor symptoms, which cause loss of muscle control and contribute to
disabilities [3; 4]]. The principal motor symptoms of PD occur when neurons in the substantia nigra start
to die due to unknown causes. This decreases dopamine production, which in turn upsets the balance of
neural circuitry in the basal ganglia. These circuits help to control and coordinate our bodies by inhibiting
unwanted movements, and initiating desired movements [20]]. Difficulty initiating movement is a cardinal
symptom of PD called bradykinesia, which is characterized by a slowing or shrinking of movement [21]].
Dyskinesia appears as something of the reverse to bradykinesia, where movement starts and persists without
the person intending to [22]. Remarkably, our current understanding of basal ganglia pathophysiology does
not provide an adequate explanation for the two other cardinal features of PD, namely, movement rigidity
and tremor [20]. Tremor is a rhythmic involuntary oscillation with frequency range of 4-12 Hz typically
seen in the extremities [20; 5]. Symptoms of PD impact many major systems of the body beyond the motor
system, including depression, anxiety, sleep disorders, fatigue, pain, skin issues, problems with speech and
vision, erectile dysfunction, olfactory problems and many others [3;4]. These symptoms progress over time,
severely impacting quality of life.

Surgical treatments such as removing or lesioning portions of brain tissue have existed for decades,
however research in this space came nearly to a standstill at the advent of the drug Levodopa-Carbidopa
which greatly helped to control many symptoms of PD. This promised a less invasive treatment option than
neurosurgical treatments, particularly treatments involving irreversible removal of brain tissue. Unfortu-
nately, Levodopa-Carbidopa was found to be primarily effective only during the early stages of PD. This led
to renewed research activity in neurosurgical treatments, including Deep Brain Stimulation (DBS) which
does not involve removing or damaging tissue [23l]. DBS involves chronic implantation of electrodes into
the subthalamic nucleus (STN) or the pars interna of the Globus Pallidus (GPi) for delivery of electrical

stimulation. A pulse generator is also implanted in the chest which controls stimulation parameters, such as
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the frequency, amplitude, or pulse width of the electrical current [15; 24]. The US Food and Drug Adminis-
tration (FDA) approved DBS treatment for essential tremor in 1997, DBS of the STN for PD in 2002, and
DBS of the GPi for PD and dystonia in 2003. These uses were similarly approved in Europe, who addi-
tionally approved DBS for epilepsy in 2010. DBS is also being investigated for its ability to treat chronic
pain, Alzheimer’s disease, and psychiatric disorders including treatment-resistant depression and Tourette
syndrome [25]]. Despite its success in treating several neurological conditions, DBS is hindered from be-
ing delivered at scale by a time-consuming process of tuning the stimulation parameters. This process is
currently performed manually by clinicians for each individual person.

Adaptive DBS (aDBS) is the next generation advancement of conventional DBS (cDBS), where param-
eters are adjusted in real time based on disease- or symptom-related biomarkers [26; 27]. aDBS was first
introduced in 2006, promising a more precise and adjustable therapy that additionally can mitigate unde-
sirable side-effects that occur when fixed stimulation parameters are unsuitably matched to the changing
needs of the body [28} 29 [30; 315 132]]. Studies have shown beta oscillations (10-30 Hz) in the STN occur
consistently when bradykinesia is experienced [133;34]. Similarly, high-gamma oscillations (50-120 Hz) in
the cortex are known to occur during periods of dyskinesia [35]. While aDBS has been demonstrated as
providing improved symptom suppression compared to cDBS, it similarly suffers from a high burden on
clinicians to manually identify stimulation parameters for each person. In fact, aDBS algorithms introduce
even more parameters which also must be carefully adjusted. This combination of stimulation and algorithm
parameters yields a vast parameter space with an unmanageable number of possible combinations, prohibit-
ing aDBS from scaling to many people [36]. To make aDBS a treatment that can scale, stimulation and
algorithm parameter tuning must be automated. More fundamental than automating parameter selection,
however, is the need to establish that aDBS is a vital long-term treatment outside the clinic. While early
studies have successfully demonstrated aDBS outside the clinic for prolonged periods, repeated trials must

demonstrate therapy effectiveness before this technology can safely translate to real-world use [375 32].

1.2 Translating aDBS Therapy to the Home

Having access to effective care at home is critical for maintaining quality of life, particularly for disorders

causing mobility issues, e.g. people living with PD (PwP) [2]]. The term PwP includes the person who has
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PD, as well as their families or caregivers, who are all impacted in varying degrees by the extensive array of
PD symptoms [38}39]. A growing body of evidence has shown that providing care in peoples’ natural envi-
ronments leads to equal or better clinical outcomes, improves satisfaction, and reduces healthcare expenses
[40;41]). Establishing healthcare solutions at home also eases an otherwise untenable burden on health care
practitioners (HCPs) by reducing visits to a clinic or hospital [40]. This becomes even more important for
managing crises like COVID-19 when access to hospitals is limited [42]].

In-home healthcare solutions become even more important when providing complex therapies such as
aDBS. Research to identify person-specific behavioral and physiological markers of symptom severity is still
in its early stages, and methods to capture these markers must be developed and rigorously tested. Where it
is possible, automating these methods will help to reduce the burden on clinicians and researchers [43}; 44].
Importantly, updating aDBS algorithms and monitoring symptom severity and treatment efficacy should be
done remotely if this therapy is going to be chronically delivered for people going about their daily lives.

This is even more necessary for rural or medically underserved areas [41} 145} 46]].

1.2.1 Platforms for Neurotechnology Translation

Despite the promise that neurotechnologies offer for a compelling complement or alternative to pharma-
ceuticals to treat neurological disorders, translation timelines from lab to clinic frequently mirror those in
pharma rather than the rapid timelines seen in other technology domains [47]]. This is not because neu-
rotechnology researchers lacks the interest or capacity to rapidly deliver products to market. Rather, there
are several barriers specific to neurotechnology that other technology fields do not encounter. This includes
economic incentive structures in healthcare, disruptions to established surgical or clinical workflows, health
regulations regarding unknown mechanisms of action in the brain, and clinical adoption and patient accep-
tance. Each of these are a discipline in their own right and demand consideration during the development
process [48]].

A strategy to overcome some of these difficulties is through the use of platforms. The term platform
in literature has occurred increasingly in the last 30 years across many fields including economics, man-
agement, technology, and health [49; 50]. In the context of neurotechnology, a platform is an architected

system or set of systems that enable a product or technology to be accessed in the real world, such as in
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clinics and hospitals [47]. This is an essential functionality, making platforms immediately highly valuable.
Beyond this value, platforms could also be important for reducing translation times of bringing neurotech-
nologies into regular use. An important type of platform is a platform ecosystem, which enables interactions
with many complementary products, thus an “ecosystem”. This type of platform has increased in literature
the most in recent years [50]. A pioneering example of a platform ecosystem for neurotechnology is the
Activa PC+S, an investigational platform including an implantable device to stimulate and sense, to col-
lect data, and to run closed-loop algorithms as a prototyping tool [51]]. The capabilities of these platforms
and the relationships that have developed around them have massive potential to address the barriers facing

neurotechnology translation; nonetheless they are not a silver bullet.

A key ingredient for a platform ecosystem to be impactful is a technology-stack. A technology-stack is
the layered sub-components of a platform, including hardware, software, cloud databases, security infras-
tructure, and the algorithms and policies controlling device functionality [52]. Technology stacks designed
to accelerate translation should simultaneously enable a platform to deliver therapeutic outcomes, and to
give researchers access to data and technologies needed for scientific discoveries. Significant design chal-
lenges must be overcome in order to make a one-design-fits-many platform actually useful at providing
effective treatment. This is particularly the case when academic, corporate and government interests do not
align. A tangible step towards realizing such a technology-stack came from the OpenMind Academic Con-
sortium, which seeks to lower barriers to translation through community engagement and their own design
of a Platform Ecosystem. They actively develop a library of open-source software, and a template for a
regulatory framework to help researchers address regulation requirements. This framework has supported
several studies through a Platform Ecosystem harnessing Medtronic’s Summit RC+S system, including a
cloud-based system for epilepsy, an exploratory platform for psychiatric disorders, and a neuromodulation

system for neuromotor diseases [37;153;154]).

1.2.2 Remote Symptom Monitoring

Current methods for characterizing symptom severity primarily rely on the Movement Disorders Society
Unified Parkinson’s disease rating scale (MDS-UPDRS) [55]. This process relies on an expert clinical

assessor to manually determine severity on a scale between O to 4 as they observe people performing a
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suite of standardized tasks. Beyond manual symptom rating not scaling well, the UPDRS system only of-
fers these 5 coarse categories, and is vulnerable to inconsistent ratings across clinical assessors [S6]. It
also cannot provide real-time continuous assessments, which are important for informing dynamic adjust-
ments to stimulation parameters. In recent work in neural sensing research, neural signals associated with
symptoms have been previously identified which may be useful for continuously tracking therapy effec-
tiveness. We previously described two recent discoveries of neural symptom biomarkers that occur when
symptoms of bradykinesia or dyskinesias are present [35; 575 34]. In practice, however, these markers of-
ten occur transiently in non-pathological states and vary between individuals, so there is not yet a direct
and reliable mapping between a single biomarker and symptoms at the within-subject level. An alterna-
tive approach is measuring symptoms through kinematic assessments of movement quality through the use
of wearable sensors. Recent studies have shown that wearable sensor devices such as the Apple Watch
and Parkinson’s Kinetogram (PKG) can be used to estimate and track PD symptoms over time, including
freezing of gait, tremor, bradykinesia, and dyskinesias [385 159; 160; 615 [62]. However, wearable sensors
are only able to detect the relative motion of the ankle- or wrist-worn device, so they do not necessarily
capture complex behaviors or isolated finger movements from everyday tasks like typing or drawing [63]].

Video data recorded from within the home is a possible means of addressing this gap, although manual
clinical scoring of large amounts of video data is impractical. However, advancements in computer vision
enables 2D or 3D kinematic trajectories to be extracted through video-derived pose-estimation [64]. Pose
data could be used to analyze movement- or symptom-related features undetectable to wearable sensors
such as bradykinesia-impacted finger movements, full body motion, or facial movements which pertain to
emotional states. Videos additionally provide a source of ground truth labels of behaviors or symptoms
through manual review of selected time points [65]. Early studies have explored pose estimation in the lab
for automated evaluation of clinical state, however this must be tested in real-world environments outside
the lab [58; 1665 67; 68]. Continued studies on larger cohorts are needed to validate the use of video-derived

kinematics for assessing symptom severity.
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1.3 At Home: The Other Side of Neurotechnology Translation and Effec-

tiveness

More important than developing sophisticated therapies is ensuring that people living with neurological
conditions are supported in managing their care and interacting with treatments we provide, such as aDBS
delivered through a platform ecosystem. This is particularly critical for people living with progressive
disorders such as PD, where the range of symptoms is extensive and evolving. Managing care for PwD
requires HCPs from multiple branches of medicine to treat their symptoms, such as neurology, nursing,
and speech or occupational therapy, psychiatric care, and central pain solutions [69;[70; 4; 3]]. Meeting such
varied needs is a challenge when it is not clear how such complexity should be organized, and when different

health care specialties are siloed from each other [[715 725 [73l].

Integrated collaborative care is a type of multi-specialty model that seeks to address these challenges
by collaborating with PwP as members of an interdisciplinary care team, and by including technologies and
tools (e.g. digital health technologies to support self-management) [[72;[73;[74;75]]. Given the interconnected
medical and social needs that PwP face, as well as the inherent change of these needs over time, integrated
collaborative care plans acknowledge that PwP’s lived experience is essential for developing an effectively
tailored care plan [74]. This acknowledgement is substantiated by mounting neuroscience literature showing
effects of lived experience on psychological processes [[12; 76} [77; 145 [78;79; 1805 [81]. Moreover, PwP who
are actively engaged in their healthcare are more likely to make decisions that promote their health, to adhere
to treatment plans, and to report higher quality of life scores and higher functional status [[75} (82583 845 [83]].
Symbiotically, support for self-management enables people to better engage in their healthcare, as well as
leading to slower disease progression, less complications, and reduced care costs [[75; [86; [87; [88]. Despite
these benefits, integrated care plans are not common practice. A notable exception comes from the research
consortium "Integrated Parkinson’s Care Networks" (IPCN), also known as iCARE-PD, that recently formed
and is conducting a pioneering multi-part study across several countries to co-design and implement an
integrated collaborative care plan for PD [89; 90; 91]. The IPCN aims to recenter care in the home and
community as a pragmatic solution to siloed healthcare specialties, where existing local care resources

of interest to PwWP can be leveraged for additional sources of support [90]. Preliminary results showed
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PwP engagement levels were high, however low ratings of self-management support suggested a need for
increased support in goal-setting and patient follow-up.

Positive impacts have also been demonstrated on research outcomes when PwP engage in the research
process [92]. This can help ensure that research protocols are tolerable to patients [93]. Additionally,
participatory research has sped up patient recruitment and reduced drop-out rates, which leads to faster
trial completion and cost reduction, ultimately leading to technology translating from lab to clinic more
quickly [94; 195} 96]]. Nonetheless, studies engaging with PwP in the research process are still very much the

exception.

1.4 The Weill Neurohub Automated Optimization of aDBS for PD Project

All of the data analyzed in this work comes from a longitudinal study for automated optimization of aDBS
for Parkinson’s Disease (PD). The study was funded by the Weill Neurohub, a private organization that funds
projects investigating new treatments for neurological and psychiatric diseases [97]. Notably, the Weill
Neurohub funds collaborative projects between the University of California, San Francisco (UCSF), the
University of California, Berkeley, the University of Washington (UW), and as of 2024 the Allen Institute.
The project grew out of a larger ongoing IRB and IDE approved study into aDBS led by UCSF [37]. The

project’s listed aims were:

* Develop an integrated system that could be deployed to the home of a person with PD for remote
neural recording and optimization of aDBS.

— Develop infrastructure for a hybrid system for automated aDBS programming.
— Acquire data recorded from within people’s homes using the deployed system.
— Optimize aDBS stimulation parameters.

» Utilize the integrated system to track symptoms during naturalistic behaviors in order to determine
whether the algorithms developed in the previous aim provide symptom relief in unconstrained daily
life.

— Monitor people while at home during naturalistic unconstrained behavior.
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— Assess aDBS during naturalistic behavior.

— Identify new biomarkers of naturalistic behaviors.

1.4.1 Project Organization

The project team was comprised of one principal investigator (PI) each from UCSF, Berkeley, and UW (the
PI from UCSF was also the neurologist on our team), one post-doctoral researcher and and one clinical
research coordinator from UCSF, and several graduate students across the three schools. While a bioethicist
from UCSF was listed on the original grant proposal, they did not have any interaction with the project.
While the original Weill Neurohub project aimed to enroll four participants, only one participant was en-
rolled throughout the two years.

The project began in April 2021 before data sharing agreements between all three schools were ap-
proved. For the first year, only the UCSF-affiliated researchers could directly interact with people who
enrolled in the study, until UW-affiliated researchers were approved in April 2022. Berkeley did not obtain
approval during the study. During that first year, any needed communication between the participant and the
UW or Berkeley researchers was relayed strictly through UCSF researchers. In general, the clinical research
coordinator primarily relayed communications between the participant and researchers until they took an-
other position in March 2023. At that point I became the primary point of contact between the participant

and researchers.

1.4.2 Positionality

Towards increasing reporting on person demographics in research, I note my positionality and briefly note
some of the demographics of the people involved in this work. I am a white female European-American
PhD student at an R1 research university, with research interests that include participatory action research
for education and global health, integrated systems, human psychology, and anthropology. I grew up in a
small town in Colorado and was home-schooled from kindergarten to 12th grade. I spent 8 years working
in the culinary industry before pursuing a bachelor’s degree in computer science.

The three PIs who led the project are all white male faculty members at R1 research institutions. Of the

remaining 6 co-authors on the research team, 1 person was a female researcher, and the remaining 5 were
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male researchers. All were affiliated with R1 research institutions.

The person who participated in our case study is an adult white male with PD who was implanted
bilaterally with cylindrical leads in the STN used for stimulation and sensing, and subdural paddle-type

leads straddling the central sulcus of the cortex used for sensing only.

1.4.3 Project Communication

Meetings between the entire research team were entirely remote, with the exception of one in-person 27-
day research retreat held midway through the project. All-hands meetings intended for the entire team to
discuss their work were held remotely through video call once per week for 2 years. Several other meetings
were held regularly between different members who collaborated on different aspects of the project. Slack
was the primary forum used for communicating between meetings, and emails were used secondarily for

purposes such as sending feedback on in-progress publications.

Researchers from UCSF interacted with the participant in-person when installing the platform, when
calibrating cameras to support 3D pose processing, and on a few additional occasions where in-person
technical support was required. Some of the researchers met with the participant remotely through video
calls when initiating new aDBS experiments. The entire research team met with the participant once, during
a 1-hour video call when researchers were together during the in-person retreat. A combination of email
and G-Chat was used for communication between the participant and some of the researchers. The G-Chat
account was used primarily to send asynchronous messages regarding requests, logistics and other topics

relevant to the project.

1.4.4 Home Setup

For the majority of the project, the camera system was installed in the participant’s home-office which was
setup in a hallway in their house. This space was also used for the majority of experiments the participant
conducted for data collection The hallway connected directly to the kitchen, from which the participant

and their family would regularly move between.
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1.4.5 Set up for self-guided experiments at home

The participant conducted multiple experiments across the 2 years of the study. Experiments were pre-
determined during discussions between the researchers. The steps for doing each experiment were typed

into a word document and emailed to the participant, an example of which can be viewed in

1.4.6 On Terminology

For simplicity, all members of the project team will be referred to as "researchers"”, unless otherwise noted
for clarification purposes. The pronoun "we" is generally used to refer to any or all researchers, except where
denoting the author of this dissertation with initials or a first-person reference adds clarity or denotes a belief
or perspective held solely by the author. I refer to the person who enrolled in our study in multiple ways
throughout this dissertation. These changes reflect my learnings as this work has progressed. In chapters
[2) and 3] I use the term "patient”. While working on chapter [4] I learned that the person who enrolled in
our study actively collaborated to generate new knowledge for this work just as the researchers did, so I
chose the term "participant” to try to reflect this. By the end of the chapter however, I felt that "participant”
was not an appropriately comprehensive term, so I introduce the term "expert-participant”. I recognize that
the researchers and the expert-participant have different roles and have different lived experiences. I chose
these terminology to denote these different roles and lived experiences, and not to imply that knowledge is
generated or discovered only from one type of role or lived experience. In future work, I hope to learn from
the people who participate in research studies how they would like to be referred to. For now, I allow these

terms to reflect my understanding as it has evolved.

1.5 Dissertation Roadmap

Chapter 2: Develop and deploy a prototype platform ecosystem for remote monitoring and

evaluation

In the first chapter, we set out to design, build, and deploy an integrated system that could collect multiple
data modalities, deliver updates to aDBS algorithms, and scale to multiple people’s homes. The platform

is composed of an integrated hardware and software ecosystem that is open-source and allows for at-home
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collection of neural, inertial, and multi-camera video data. To collect videos from inside the home, I wrote
a custom application that automatically initiates video recordings based on a configurable schedule. The
application includes a user-facing graphical user interface (GUI) which enables an ongoing recording to be
easily terminated or for upcoming recordings to be canceled. This was implemented to help protect user
privacy. To ensure privacy for participant-identifiable data, the platform encrypts and transfers data through
a virtual private network. The methods include time-aligning data streams and extracting pose estimates

from video recordings.

To demonstrate the use of this system, we deployed this platform to the home of an individual with PD
and collected data during self-guided clinical tasks and periods of free behavior over the course of 2 years.
Data were recorded at sub-therapeutic, therapeutic, and supra-therapeutic stimulation amplitudes to evaluate
motor symptom severity under different therapeutic conditions. These time-aligned data demonstrated that
the platform is capable of synchronized at-home multi-modal data collection for therapeutic evaluation. The
platform architecture may be used to collect new datasets and to study the long-term effects of DBS therapy
outside the clinic. This work was published as a reusable protocol in the Journal of Visualized Experiments,
and includes videos demonstrating how components of the ecosystem could be installed during an initial
deployment [98]]. The code for automatically recording videos based on a participant-approved schedule,

and for [visualizing data to ensure data alignment are publicly available on our project organization’s github.

Chapter [3} Utilize data collected from the platform ecosystem to develop methods for re-

motely monitoring symptom severity and aDBS efficacy.

I set out to develop metrics to assess movement features including frequency, speed, and peak angular
velocity from video-derived pose estimates and wearable-sensor data during a series of tasks. Tasks were
predominantly a sub-selection of tasks that are used when clinicians manually rate symptom severity in-
clinic using the UPDRS rating system, except for one task I selected to assess movement smoothness during
our last aDBS data collection. I found that these movement features were reduced during periods when the
participant was under-stimulated, and that they significantly correlated with video-based clinical scores of
symptom severity that the neurologist on our team performed. These results were published in the 2023

IEEE Neural Engineering Conference [99]].
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https://github.com/Weill-Neurohub-OPTiMaL/ManualTimeAlignerGUI

Chapter [d: Investigate the participant experience during our 2-year study to provide context

to our previous work and to inform future aDBS translation studies.

Towards the end of our study, I received requests from anonymous reviewers of our platform ecosystem
to discuss the participant’s experience interacting with our deployed system. From this catalyst, I set out
to retrospectively investigate the participant’s experience by conducting an exit interview, collecting field
notes collected throughout the duration of the study, and performing reflexive thematic analysis on all data.
My analysis demonstrates that actively viewing the participant as the Expert in living with PD, in living
with DBS, and in interacting with our systems will improve the participant’s experience and our research
outcomes. My analysis also provides important context to our collected data and kinematic metrics. Key
strategies for actively viewing study participants as experts are formulated as a guide for student researchers

in future neurotechnology studies.

Chapter |5t Propose a framework for neurotechnology researchers to collaborate with the

people they develop technologies for.

Actively engaging with participants in research is essential for successfully translating our neurotechnolo-
gies into people’s lives and homes, however, exactly how this should be done is less clear. Furthermore, there
are many ethical considerations that should be considered when designing a co-research study. Participatory
action research (PAR) is a set of principles for collaborative research that is centered on participants and
provides a flexible and contextually relevant framework. PAR has been adapted for many different research
contexts all over the world. In this chapter, I introduce PAR and explore how its design imbibes trustworthi-
ness for generalizability. This property enables relevant learnings from PAR to transfer to different contexts.
I present a worked example of PAR in clinical neuroscience research. Finally, I make recommendations for

using PAR as a guide for conducting collaborative neurotechnology research.
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Figure 1.1: Home Office Schematic with Camera System Placement: Three webcams were placed in
the participant’s home office setup. The PC and touch-screen monitor (demarcated with the label *XPS’)
that automatically recorded videos per a participant-approved schedule was installed near the participant’s
personal computer setup.

29



Chapter 2

Bringing the Clinic Home: An At-Home
Multi-Modal Data Collection Ecosystem to

Support Adaptive Deep Brain Stimulation

2.1 Introduction

This chapter includes materials originally published in [98]].

Deep brain stimulation (DBS) treats neurological disorders such as Parkinson’s disease (PD) by deliv-
ering electrical current directly to specific regions in the brain. There are an estimated 8.5 million cases of
PD worldwide, and DBS has proved to be a critical therapy when medication is insufficient for managing
symptoms [2; 23]. However, DBS effectiveness can be constrained by side-effects that sometimes occur
from stimulation that is conventionally delivered at fixed amplitude, frequency, and pulse width [31]]. This
open-loop implementation is not responsive to fluctuations in symptom state, resulting in stimulation set-
tings that are not appropriately matched to the changing needs of the patient. DBS is further hindered by
the time-consuming process of tuning stimulation parameters, which is currently performed manually by
clinicians for each individual patient.

Adaptive DBS (aDBS) is a closed-loop approach shown to be an effective next iteration of DBS by

adjusting stimulation parameters in real time whenever symptom-related biomarkers are detected [31} 265
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37]. Studies have shown beta oscillations (10-30 Hz) in the sSubthalamic nucleus (STN) occur consistently
during bradykinesia, a slowing of movement that is characteristic of PD [33} [34]. Similarly, high-gamma
oscillations (50-120 Hz) in the cortex are known to occur during periods of dyskinesia, an excessive and
involuntary movement also commonly seen in PD [35]. Recent work has successfully administered aDBS
outside the clinic for prolonged periods [37]], however the long-term effectiveness of aDBS algorithms that

were configured in-clinic while a patient is home has not been established.

Remote systems are needed to capture the time-varying effectiveness of these dynamic algorithms in
suppressing symptoms encountered during daily living. While the dynamic stimulation approach of aDBS
potentially enables a more precise treatment with reduced side-effects [31; [30], aDBS still suffers from a
high burden on clinicians to manually identify stimulation parameters for each patient. In addition to the
already large set of parameters to program during conventional DBS, aDBS algorithms introduce many new
parameters which must also be carefully adjusted. This combination of stimulation and algorithm parameters
yields a vast parameter space with an unmanageable number of possible combinations, prohibiting aDBS
from scaling to many patients [36]. Even in research settings, the additional time required to configure and
assess aDBS systems make it difficult to adequately optimize algorithms solely in the clinic, and remote
updating of parameters is needed. To make aDBS a treatment that can scale, stimulation and algorithm
parameter tuning must be automated. In addition, outcomes from therapy must be analyzed across repeated
trials to establish aDBS as a viable long-term treatment outside the clinic. There is a need for a platform
that can collect data for remote evaluation of therapy effectiveness, and to remotely deploy updates to aDBS

algorithm parameters.

The goal of this protocol is to provide a reusable design for a multi-modal at-home data collection plat-
form to improve aDBS effectiveness outside the clinic, and to enable this treatment to scale to a greater
number of individuals (Figure [2.I). To our knowledge, it is the first data collection platform design that
remotely evaluates therapeutic outcomes using in-home video cameras, wearable sensors, chronic neural
signal recording, and patient-driven feedback to evaluate aDBS systems during controlled tasks and natural-

istic behavior.

The platform is an ecosystem of hardware and software components built upon previously developed

systems [37]]. It is maintainable entirely through remote access after an initial installation of minimal hard-
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Figure 2.1: Data Flow of Platform Ecosystem: Data for each modality is collected independently from
the patient’s residence before being processed and aggregated into a single remote storage endpoint. The
data for each modality is sent automatically to a remote storage endpoint. It can then be retrieved, checked
for validity, time aligned across modalities, as well as subjected to more modality-specific pre-processing.
The compiled dataset is uploaded then to a remote storage endpoint that can be securely accessed by all
team members for continued analysis. All machines with data access, especially for sensitive data such as
raw video, are enclosed within a VPN that ensures all data is transferred securely and stored data is always
encrypted

ware to allow multi-modal data collection from a person in the comfort of their home. A key component is
the Implantable Neurostimulation System (INS) which senses neural activity and delivers stimulation
to the STN, and records acceleration from chest implants. For the implant used in the initial deployment,
neural activity is recorded from bilateral leads implanted in the STN and also recorded from electrocor-
ticography electrodes implanted over the motor cortex. A video recording system helps clinicians monitor
symptom severity and therapy effectiveness, which includes a graphical user interface (GUI) to allow easy
cancellation of ongoing recordings to protect patient privacy. Videos are processed to extract kinematic tra-
jectories of position in two dimensional (2D) or three dimensional (3D), and smart watches are worn on both
wrists to capture angular velocity and acceleration information. Importantly, all data is encrypted before be-
ing transferred to cloud storage, and the computer PC with patient-identifiable videos can only be accessed
through a virtual private network (VPN). The system includes two approaches for post-hoc time-aligning

of all data streams, and data is used to remotely monitor the patient’s quality of movement, and to identify
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symptom-related biomarkers for refining aDBS algorithms. The video portion of this work shows the data
collection process and animations of kinematic trajectories extracted from collected videos.

A number of design considerations guided the development of the protocol:

* Ensuring Data Security and Patient Privacy: Collecting identifiable patient data requires the utmost
care in transmission and storage in order to be HIPAA [[101}/102] compliant and to respect the patient’s
privacy in their own home. In this project, this was achieved by setting up a custom VPN to ensure

privacy of all sensitive traffic between system computers.

» Stimulation Parameter Safety Boundaries: It is critical to ensure that the patient remains safe while
trialing aDBS algorithms that may have unintended effects. The patient’s INS must be configured by
a clinician to have safe boundaries for stimulation parameters that do not allow for unsafe effects from
over-stimulation or under-stimulation. With the INS system [[100] used in this study, this feature is

enabled by a clinician programmer.

* Ensuring the Patient ‘“Veto’: Even within ‘safe’ parameter limits, the daily variability of symptoms
and stimulation responses may result in unpleasant situations for the patient where they dislike an
algorithm under test and wish to return to normal clinical open-loop DBS. The selected INS system
includes a patient telemetry module (PTM) that allows the patient to manually change their stimulation
group and stimulation amplitude in milliamps. There is also an INS-connected research application
that is used for remote configuration of the INS prior to data collection [103]], which also enables the

patient to abort aDBS trials and control their therapy.

* Capturing Complex and Natural Behavior: Video data was incorporated in the platform to enable
clinicians to remotely monitor therapy effectiveness, and to extract kinematic trajectories from pose
estimates for use in research analyses [99]. While wearable sensors are less intrusive, it is difficult
to capture the full dynamic range of motion of an entire body using wearable systems alone. Videos

enable the simultaneous recording of the patient’s full range of motion and their symptoms over time.

» System Usability for Patients: Collecting at-home multi-modal data requires multiple devices to be
installed and utilized in a patient’s home, which could become burdensome for patients to navigate.

To make the system easy to use while ensuring patient control, only the devices that are implanted or
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physically attached to the patient (in this case this included the INS system and smart watches) must
be manually turned on prior to initiating a recording. For devices that are separate from the patient
(in this case this included data recorded from video cameras), recordings start and end automatically
without requiring any patient interaction. Care was taken during GUI design to minimize the number
of buttons and to avoid deep menu trees so that interactions were simple. After all devices are installed,
a research coordinator showed the patient how to interact with all devices through patient-facing GUIs
that are a part of each device, such as how to terminate recordings on any device and how to enter

their medication history and symptom reports.

* Data Collection Transparency: Clearly indicating when cameras are turned on is imperative so that
people know when they are being recorded and can suspend recording if they need a moment of
privacy. To achieve this, we wrote a camera-system application to control video recordings with a
patient-facing GUIL. The GUI automatically opens when the application is started and lists the time
and date of the next scheduled recording. When a recording is ongoing, a message states when the
recording is scheduled to end. In the center of the GUI, a large image of a red light is displayed. The
image shows the light being brightly lit whenever a recording is ongoing, and changes to a non-lit

image when recordings are off.

The protocol details methods for designing, building, and deploying an at-home data collection platform,
for quality-checking the data collected for completeness and robustness, and for post-processing data for use
in future research. Patients are enrolled in a larger IRB and IDE approved study into aDBS at the University

of California, San Francisco.

2.2 Protocol

2.2.1 At-Home System Components
Central Server & VPN

1. Acquire a PC running a Linux-based operating system dedicated to serving a VPN. House the machine

in a secured room. Disk encrypt the machine to ensure data security.
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2. Configure the VPN server to be publicly accessible on at least one port.
NOTE: In this case, this was achieved by collaborating with IT to give the server an externally facing

static-IP address and a custom URL by the university’s DNS hosting options.

3. Server Installation: Server installation steps should be completed once on the PC selected for serving

the VPN.

(a) Firewall configuration: Run the following commands in the PC terminal to install and config-
ure Uncomplicated Firewall:
udo apt install ufw
sudo ufw allow ssh
sudo ufw allow <port—-number> | udp

sudo ufw enable

(b) Server VPN Installation: Install the open-source WireGuard VPN protocol [104] on the PC and
navigate to the installation directory. In the PC terminal, run umask 007 to update directory

access rules.

(c) Key Generation: In the PC terminal, run
wg genkey | tee privatekey | wg pubkey > publickey.
This generates a public/private key pair for the VPN server. This public key will be shared to

any client PC that connects to the VPN.

(d) VPN Configuration: In the PC terminal, run touch <interface_name>.conf to create
a configuration file, where the file name should match the name of the interface. Paste the fol-
lowing Server rules into this file:
[Interface]
PrivateKey = <contents-of-server-privatekey>
Address = ##.#.#.#|##
PostUp = iptables -A FORWARD -i interface_name -7j ACCEPT;
iptables -t nat —-A POSTROUTING -o network_interface_name -j MASQUERADE

PostDown = iptables -D FORWARD -1 interface_name -3j ACCEPT;
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iptables -t nat -D POSTROUTING -o network_interface_name -j MASQUERADE
ListenPort = #####

[Peer]

PublicKey = <contents-of-client-publickey>

AllowedIPs = ##.#.#.4#|##

(e) Activating the VPN: Start the VPN by entering wg—quick up <interface_name> in
the terminal. To enable the VPN protocol to automatically start whenever the PC reboots, run

systemctl enable wg—quick@ <interface_name> in the terminal.

4. Client Installation: Client installation steps should be completed for each new machine that needs

access to the VPN.

(a) Client VPN Installation: Install the VPN protocol according to the OS-specific instructions on

the WireGuard [104]] download page.

(b) Adding a client to the VPN: Take the public key from the configuration file generated during

installation. Paste this key into the Peer section of the Server’s configuration file.

(c) Activating the VPN: Start the VPN per the OS-specific instructions on the WireGuard [104]]

download page.

Cloud Storage

Select a cloud storage site to enable all recorded data streams to be stored in one place.
NOTE: an Amazon Web Service based cloud storage site that was compatible with the selected data transfer

protocol was used.

Implantable Neuromodulation System

1. Following IRB and IDE guidelines, select an implantable neuromodulation system (INS) [[100] that

allows patients to manually change their stimulation settings.

2. Acquire a tablet PC and install the open-source UCSF DBS application to allow for INS recordings,
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reporting medications and symptoms or any other patient comments [[103]]. Configure INS data that is

streamed to the tablet to be uploaded to a temporary HIPPA-compliant cloud storage endpoint.

Video Collection System

1. Acquire a PC capable of collecting and storing the desired amount of video files prior to transferring
them to cloud storage. Ensure that the PC motherboard includes a TPM chip.
NOTE: In this case, a PC with a 500GB SSD, a 2TB HDD and a 6GB GPU was selected. A 2TB disk
ensures that videos can be buffered after a lengthy recording session or in the case of losing internet

connection for a couple of days, while the single PC keeps hardware minimally intrusive in the home.

2. Install the desired OS and follow prompts to enable automatic disk encryption to ensure participant
privacy and to avoid data leakage.
NOTE: In this case a Linux-based OS with an Ubuntu distribution was chosen for its ease of use and

reliability.

3. Separately encrypt any hard disks after the OS is installed. Be sure to enable automatic disk re-

mounting upon system reboots.

4. Configure the PC’s on-board TPM chip to maintain access to the disk-encrypted PC after a system
reboot [[105]].
NOTE: If using a Linux OS, be sure to select a motherboard with a TPM2 chip installed to enable
this step. If a Windows OS is used, automatic disk encryption and unlocking can be handled by the

Bitlocker program.

5. Configure the PC as a VPN client by following the installation steps in the Central Server and VPN
section.
NOTE: It is strongly recommended to enable the VPN protocol to automatically start whenever the

PC is rebooted to ensure that researcher computers can always remotely access the PC.

6. Create a GitHub machine user account to easily automate updates to software installed on the PC.
This account serves as a webhook to automate pulling from the remote git endpoint and helps identify

any updates pushed from the remote machine.
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7.

10.

11.

12.

Select software to schedule and control video recordings and install this on the PC. To maximize
patient privacy and comfort, the selected software should include a graphical user interface (GUI) to
clearly indicate when recordings are ongoing, and to enable easy termination of recordings at any
point in time.

NOTE: If desired, the authors’ custom video recording application with a patient-facing GUI can be

installed by downloading the application and following instructions on GitHub (https://github.com/Weill-

Neurohub-OPTiMaL/VideoRecordingApp).

. Select a monitor to indicate when videos are being recorded and to enable people to easily terminate

recordings (Figure[2.2)).
NOTE: A monitor with touchscreen capability was selected so that recordings can be terminated

without needing to operate a keyboard or mouse.

. Install a remote desktop application on the PC. This enables running an application with a GUI such

that the GUI remains visible on both the participant side and the remote researcher side.

NOTE: The open-source NoMachine remote desktop application worked best for a Linux OS.

Select USB-compatible webcams with sufficiently high-resolution for calculating pose in the given
space.
NOTE: 4k-compatible webcams were chosen, which offers multiple resolution and framerate combi-

nations including 4k resolution at 30fps or HD resolution at 60fps.

Select robust hardware for mounting webcams in the participant’s home.
NOTE: Gooseneck mounts with clips that could be secured to furniture were selected to prevent the

cameras from shaking.

Select a data transfer protocol with encryption capability and install this on the PC. Create a con-
figuration to access your cloud storage site, then create an encryption configuration to wrap the first
configuration prior to data transfer.

NOTE: In this case an open-source data transfer and file syncing protocol with encryption capability

was installed [[106]. The data transfer protocol documentation explains how to configure data transfer
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Figure 2.2: Video recording components: The hardware components to support video data collection are
minimal, including a single tower PC, USB-connected webcams, and a small monitor to display the patient-
facing GUI. The monitor is touchscreen-enabled to allow easy termination of any ongoing or scheduled
recordings by pressing the buttons visible on the GUI. The center of the GUI shows an image of a recording
light that turns to a bright red color when video cameras are actively recording

to cloud storage. The protocol was first installed on the VPN server and an encryption configuration

was created that transfers data to the offsite cloud storage site.

Wearable-Sensor Data Components

1. Select smart watches to be worn on each wrist of the patient to track signals including movement,
accelerometry and heart rate.
NOTE: The Apple Watch Series 3 was selected with a built-in movement disorder symptom monitor

that generates PD symptom scores such as dyskinesia and tremor scores.
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2. Select and install software on each smart watch that can start and end recordings and can transfer data

to cloud storage.

2.2.2 In-home configuration
Hardware Installation

1. Determine an appropriate space for mounting webcams that minimizes disruptions to the home.
NOTE: In this case, a space was determined through discussions with the patient, who chose their

home office area as the optimal site for balancing recording volume against privacy.

2. Mount webcams in the identified area on the selected mounting hardware.
NOTE: In this case, clipping gooseneck mounts to nearby heavy furniture helped prevent cameras

from shaking whenever someone stepped nearby.

3. Place the PC sufficiently close to the mounted webcams such that their USB cables can connect to the

PC.

4. Place the tablet PC, INS components, smart watches, and smart phones near a power outlet such that

all devices can stay plugged in and are ready to use at any time.

Confirm VPN Connection

Confirm that the VPN is on by running route -n in the PC terminal. If not, follow above instructions to

activate the VPN.

Starting the Video Recording App

1. Video recording schedule: Prior to collecting any data, discuss an appropriate recording schedule with
the patient. Configure this schedule on the video recording software.
NOTE: If using the author’s custom video recording application, instructions for setting a schedule can
be found on GitHub [https://github.com/Weill-Neurohub-OPTiMal./VideoRecordingAppinstallation-

guide].
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2. Update recording software: Ensure that the latest version of the selected video recording software has

been pulled to the PC using the GitHub machine user account installed in 1.4.6.

3. Start video recordings: Log into the PC through the installed remote desktop software and start the
video recording software.
NOTE: If using the author’s custom video recording application, instructions for starting the applica-
tion can be found on GitHub [https://github.com/Weill-Neurohub-OPTiMaL/VideoRecording Appinstallation-

guide].

Video camera calibration

1. Disable autofocus: For computing intrinsic parameters such as lens and perspective distortion, follow
the instructions based on the selected OS and webcams to turn off the autofocus.
NOTE: On Linux, webcams are accessed via the Video for Linux API, which by default turns on
autofocus every time the computer connected to the cameras is restarted. Configuring a script to
automatically disable this is necessary to preserve the focus acquired during camera calibration for

processing 3D pose.

2. Intrinsic calibration: Acquire a 6x8 checkerboard pattern with 100mm squares to support 3D calibra-
tion of pose estimation software20. Record a video from each individual webcam while a researcher
angles the checkerboard in-frame of all cameras.

NOTE: Ensure that the checkerboard has an even number of rows and an uneven number of columns

(or vice versa). This will remove ambiguity regarding rotation.

3. Extrinsic calibration: Record a video from all three webcams simultaneously. Be sure that videos are
recorded at the same resolution as any videos to be processed for 3D pose estimates.
NOTE: To ensure exact time synchronization across all videos, an IR LED light was flashed at the
beginning and end of the recording. Video editing software was used to manually sync the videos by

marking frames at the onset of the LED and trimming the videos to an equal length.

4. Calibration matrices: Pass the videos recorded in the previous two steps through OpenPose21 to

generate intrinsic and extrinsic calibration matrices.
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NOTE: OpenPose uses the OpenCV library for camera calibration, and further instructions can be

found through the documentation on the OpenPose GitHub [[107} [64].

2.2.3 Data collection

Participant Instructions to Start Recording

1. Check device battery and power: The INS device is always on to provide constant stimulation for the
subject. To start recording neural data, ask the participant to turn on the tablet PC and ensure that the

Clinician Telemetry Modules (CTMs) for both left and right INS devices are on and fully charged.

2. CTM placement: Place the CTMs on both sides of the chest.
NOTE: For maximum connectivity and to reduce packet loss, position the CTMs close to the chest
implants during recordings. They can be placed in chest pockets of a jacket, or else a specialized scarf

can be used.

3. Activate tablet connection: Once the tablet has booted up, the participant should open the DBS ap-
plication and select ‘Connect’, which prompts a Bluetooth connection to the CTMs and subsequently

the INS devices [103]].

4. Camera activation: Ask the participant to confirm that video cameras are connected to the PC through
their USB cables, and that the cameras have turned on.
NOTE: If using the authors’ custom video recording application, ongoing recordings are clearly in-
dicated on the patient-facing GUI by a large image of a red light that is brightly lit. This changes to
a non-lit red light when recordings are off. The selected webcams also have a small white indicator

light.

5. Smart watch activation: Ask the participant to turn on smart watches and smart phones by holding
down the power button. Next, ask them to open the smart watch application to initiate data recording

and PD symptom tracking.
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Gesture-Based Data-Alignment and Recording Scenarios

1. Write out any desired tasks for the participant to perform during data recordings prior to starting a

data collection.

2. As multi-device clock-based synchronization for aligning time stamps can be unreliable, ask the par-
ticipant to perform a gesture that can be used to synchronize the time stamps from recorded data at
the onset of every new recording, even when planning to record during periods of free behavior.
NOTE: The authors designed a simple gesture where the participant tapped both implanted INS de-
vices while keeping their hands within view of the cameras. This tapping creates distinctive patterns
in the inertial recordings from the smart watches and the INS accelerometer and is easy to observe in

videos.

Participant Instructions to End Recording

1. Switch the stimulation group back to the participant’s preferred clinically assigned group.

2. In the participant-facing GUI of the DBS application, enter a symptom report.

3. Close the DBS application, which will disconnect the CTMs and conclude INS streaming.

4. Close the smart watch recording application and return the CTMs, smartphones and smart watch

devices back to their charging ports.

Data Offloading

1. Transfer raw videos to cloud storage through the data transfer protocol using an encrypted configura-
tion. Create a cron job on the video recording PC to automatically transfer recorded videos to cloud
storage through the data transfer protocol [106].

NOTE: Depending on the resolution of videos and the number of hours recorded each day, internet
speed must be sufficiently high to enable all videos to be transferred to cloud storage within 24 hours.
If data transfer is too slow, disk space could run out, causing additional video recordings scheduled

for the following day to fail.

43



2. Save INS data to the HIPA A-secure cloud endpoint configured in step 1.3.2. Download INS data from
the HIPAA-secure cloud endpoint and deidentify the data. Save the deidentified data to external cloud
storage.

NOTE: The open source OpenMind preprocessing code [108] was utilized to deidentify data and
convert it from json files to a table format. The patient’s tablet was configured with a HIPAA-secure
cloud endpoint for temporary storage of the raw INS data; however conceivably the same cloud storage
site used for long-term storage could also be used for this step providing it is HIPAA compliant and

data are encrypted prior to offloading.

3. If desired, save a copy of the smart watch data to external cloud storage so all data streams are

accessible in one location.

2.2.4 System Characterization

Raw Data Visualization

In your desired coding environment, visualize all raw data streams to ensure data was recorded and trans-
ferred appropriately without loss or corruption.
NOTE: The application that was selected to manage smart watch recordings has a browser app that is helpful

for visualizing smart watch data [[109]

Video Frame and Timestamp Lags

Inspect any lags between timestamps generated from different webcams.

NOTE: Lags were analyzed by recording videos with a programmable LED light placed in-frame of all
webcams. Analysis revealed that a video segmenting function imported by the custom video recording
app was the source of increasing timestamp lags [[110]. Recording videos without the segmenting function

resulted in between-webcam frame and timestamp lags that did not increase over time (See Supplementary
File[A.3]and Supplementary Figure[A.T).
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2.2.5 Post-hoc Data Pre-Processing and Alignment
Pose Data

Install software to calculate joint position estimates from recorded videos.

NOTE: The OpenPose library was selected given that it included hand and face tracking in both 2D and
3D. However, OpenPose does not automatically handle cases where multiple people are in-frame, so post-
processing code should be written to ensure that each person’s pose estimates are continuous from one frame
to the next. OpenPose provides code to easily generate animations, either in 2D or 3D, for visual checks on

pose estimation quality.

Gesture-based Time alignment

For each INS device (left right), the following steps should be followed using the authors’ data-alignment

GUI [https://github.com/Weill-Neurohub-OPTiMal./Manual Time AlignerGUI]:

1. Read in data: Access the saved INS and smart watch accelerometry data from cloud storage for the
desired data session.
NOTE: An additional time series can be added if desired. Figure 3 shows the pose position of the

right middle fingertip in green.

2. Visualize data streams in GUI: Use the manual time align GUI to overlay the INS accelerometry,

smart watch accelerometry, and pose data.

3. Zooming in on alignment artifacts: Zoom in to the time axis and move the viewing window to the
chest tapping section of the recording. Shift the aligning time series so that the peaks from the chest
taps on both the INS and smart watch time series signals are overlapping as closely as possible.

NOTE: The GUI is designed to facilitate manual alignment of arbitrary time series to a common “true”
time. Figure shows the “true” time series in blue, while the aligning time series are shown in or-
ange and green. Key guides for GUI alignment are stated on the GitHub ReadMe [https://github.com/Weill-
Neurohub-OPTiMal./Manual Time AlignerGUItime-alignment].

4. Alignment confirmation: Move the GUI window to each of the chest tapping tasks in the recording
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Figure 2.3: Gesture-based data alignment: The top half of the figure showcases the manual alignment
GUI after aligning the three streams of data. The blue line is the smartwatch accelerometry data, the orange
line is the accelerometry data from the INS, and the green line is the 2D pose position of the right middle
fingertip from a single webcam. The top right shows the offset between the true time from the smart watch
and INS as well as various warning flags to mark any issues that arise. In this example, the INS was 20.8
s ahead of the smartwatch. The bottom left graph is zoomed in to show the five chest taps performed by
the participant for data alignment. The five peaks are sufficiently clear in each data stream to ensure proper
alignment.

and confirm the alignment remains consistent throughout the time series. Press the “switch aligning”

button and repeat alignments on remaining data streams.

5. Warning flags: To indicate whether data was missing, shifted, or other general warnings regarding

data quality, set warning flags in the GUI using the D, S and F keys respectively.

Zero-Normalized Cross Correlation (ZNCC) Time Alignment

1. Identify the signal most likely to be closest to “true” time.

NOTE: Usually this is either the one with the highest sample frequency or the fastest internet time
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refresh.

2. Resample the two signals to have the same temporal sampling frequency, and individually z-score
both signals. This ensures that the resulting ZNCC scores will be normalized to between -1 and 1,

giving an estimate of the level of similarity between the two signals, useful for catching errors.
3. Calculate the cross correlation of the second signal and the first signal at every time lag.

4. If phase information of the two signals is not important, take the absolute value of the measured cross
correlation curve.
NOTE: If the behavior is significantly a-periodic then the phase information is not necessary, as in our

case.

5. Analyze the ZNCC curve. If there is a single clear peak, with a peak ZNCC above 0.3 then the time
of this peak corresponds to the time lag between the two signals. If there are multiple peaks, no clear

peak, or the ZNCC score is low across all time lags, then the two signals need to be manually aligned.

2.3 Results

Prototype Platform Design and Deployment

We designed a prototype platform and deployed it to the home of a single patient 2.1} After the first instal-
lation of hardware in the home, the platform can be maintained, and data collected entirely through remote
access. The INS devices, smart watches, and cameras have patient-facing applications allowing patients to
start and stop recordings. The video collection hardware enables automatic video recordings after an ap-
proved schedule has been configured. Patients can easily cancel an ongoing recording by simply pressing
a button on the video recording application GUI[2.2] All collected data was encrypted and transferred to a

cloud storage site for researchers to process and analyze.

Data Collection

For the first deployments and data collection cycles, we asked the patient to conduct self-guided clinical

tasks. The tasks were taken from the Unified Parkinson’s Disease Rating Scale (UPDRS) 26, namely resting
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Figure 2.4: Data Availability: A schematized demonstration of what a week of data collected with the
system might look like. The top plot shows the stimulation level (blue) over the course of several day/night
cycles. Stimulation changes for this participant are dependent on their sleep schedule and the times of
medication intake (vertical red lines). At arbitrary times throughout the day, the data collection system
can be enabled remotely to collect data for multiple modalities, shown as colored boxes. One example
of all the parallel, time-aligned data-streams, just down-selected to the left side of the body, is shown in
the bottom plot. During this recording, the patient was asked to perform a series of clinical assessments
during low, therapeutic, and high amplitude stimulation conditions. All data shown here corresponds to
real data collected but has been compressed across separate experiments for ease of visualization and to
show variety. Abbreviations: LFP=local field potential, STN=Subthalamic nucleus, Accel=accelerometer,
Gyro=gyroscope, 2D=two-dimensional.

tremor, thumb-to-index finger tapping, hand opening and closing, wrist pronation-supination, sit-to-stand
movement and walking, and a typing task. All tasks were repeated three times for each recording day. For
each repetition, a different stimulation amplitude was set to expose potential stimulation-related symptoms
of PD. Figure 2.4] shows a schematized example of what a week of data collected with the system might

look like.

Manual Alignment

The manual alignment GUI provides an easy-to-use platform for aligning multiple streams of data. As shown
in Figure 2.3] chest taps provide a clearly identifiable artifact in all data modalities (INS, smart watches,

videos) that can be used in manual alignment. The GUI was a useful means of aligning the data, but this
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could be exchanged for any other alignment tool that researchers would like to use. In some instances, the
data streams have a slight drift. A potential future solution to this problem would be to divide the session
data into different trials, each with its own chest tap sequence. Each trial can then be individually aligned to

minimize the impact of drift.

Zero-Normalized Cross Correlation (ZNCC) Time Alignment

The method for ZNCC works well in some cases but it has a few critical vulnerabilities. For example,
for some movements, the two accelerometer signals can be phase shifted with respect to one another. If
a phase aligned and phase shifted movement are both included in the analyzed epochs, then the ZNCC
can have either multiple or even no clear peak. The normalization of ZNCC allows these alignments us
to be automatically identified and discarded these alignments. This method works best if both signals are
relatively noise free and windowed to an epoch with large, synchronized effects in both traces. The best
results were achieved when the patient was asked to perform a series of strong taps with both hands against
their chest. In practice however, manual verification of automated alignment was necessary for enough cases

that the advantage of using the automated method was negligible.

Data Quality

Data loss during automated transfer was negligible since the data transfer protocol process backs up raw
copies to ensure that any losses are recoverable. Data loss from connectivity issues occurred regularly,
since Bluetooth and radio frequency sometimes have unexpected connection dropouts and are range limited.
Short gaps of up to two seconds occurred approximately a few times per hour, and longer gaps of up to
two minutes occurred approximately once every couple of hours. Beyond data loss, significant stimulation
artifacts were observed in neural data, the severity of which depended on the recording and the stimulation
groups chosen. The largest artifacts occur near the stimulation frequency, well outside ranges of interest. No
artifacts were observed in data from smart watches. Videos were recorded at a constant frame rate; however
duplicate frames were identified in videos. This yielded an actual frame rate a few frames less than the
theoretical frame rate as stated by the webcam specifications. More noticeable than the duplicate frames

however were freezing periods that were identified in videos at varying intervals depending on the recording

49



Data Type Total Duration (hh:mm:ss) Total Days Storage Size

Neural 293:17:33 90 28.94 GB
Watch 224:06:05 89 35.67 GB
Video 2037:06:11 228 146,073.77 GB

Table 2.1: Longitudinal overview of collected data: The deployed platform collected data during several
experiments over the course of 1.5 years. Approximately 90 days were recorded with neural, video, and
smart watch data streams being collected.

day. Freeze periods of approximately 10 frames or less were regularly observed; however longer sections of

approximately 2 to 30 seconds long were also observed at irregular periods.

Longitudinal Data Collection

Table [2.1|shows the data that the platform prototype has periodically collected over the course of a year and
a half. In that time, hundreds of hours of data were collected, with a total of 293 hours of INS data across
both sides of the body, 224 hours of smart watch data for both watches, and 2,037 hours of video data across
three webcams. This demonstrates that the platform supports at-home data collection over extended periods
of time while offering a rare opportunity to observe longitudinal changes in neural data and corresponding

stimulation requirements.

2D and 3D Pose Estimates

Several pose estimation software packages are now available. Pose estimation was tested using Open-
Pose, an open-source software package [64]. This was successfully installed following the documentation
provided by the organization’s GitHub, as well as many other unofficial tutorials found on the web. The
processing time for OpenPose varies significantly based on how the OpenPose library and its extensive
dependencies are installed, the size of the GPU used, and whether or not the optional hands and face key
points are processed. 2D pose was relatively easy to implement, however 3D pose was notably more difficult
and preliminary 3D results yielded inconsistent quality equal to that of 2D pose. The low-quality 3D pose
estimation may have been impacted negatively by suboptimal camera calibration, periods where camera
autofocus was erroneously turned on, or inherent in the OpenPose software itself. However, synchronized

high-quality videos from multiple angles may provide rich inputs for a variety of available pose estimation

50



software packages. It is recommended that a test setup be completed outside of the patient’s home, with

manual benchmarking of different available pose estimation software packages.

2.4 Discussion

We share our design for an at-home prototype of a multi-modal data collection platform to support future
research in neuromodulation research. The design is open-source and modular, such that any piece of
hardware can be replaced, and any software component can be updated or changed without the overall
platform collapsing. While the methods for collecting and deidentifying neural data are specific to the
selected INS, the remaining methods and overall approach to behavioral data collection are agnostic to
which implantable device is used. We deployed the platform to the home of an individual with PD and
collected data during both experimental and naturalistic periods. During deployments, data collections
and post-hoc data processing, several aspects were discovered that were particularly crucial to enabling
successful research iterations.

A valuable member of our team was the research coordinator who traveled to the patient’s home to install
hardware, set up the VPN, performed camera calibration for 3D pose, and walked the patient through using
each device’s patient-facing GUI. Importantly, the research coordinator additionally served as the main point
of contact between the patient and the research team. The patient preferred to use their email chat function to
quickly send messages back and forth. Having a consistent and accessible point of contact was particularly

helpful in two ways:

* Establishing a familiar communication channel for the patient to request changes to scheduled record-
ings and to communicate any difficulties in system use. This helped the research coordinator to
identify convenient times for the patient to conduct recording experiments. The main difficulty in

system use reported was the need to keep track of battery life for several devices.

* Allowing system troubleshooting to be minimally disruptive to the patient. Most troubleshooting
stemmed from network connectivity problems which occurred on average once every couple of weeks.
While rebooting devices typically resolved these issues, the watches frequently required multiple

restarts, which the patient reported was burdensome.
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It is essential to ensure robust remote access to the hardware placed in the patient’s home. To accomplish
this, having a stable internet connection is crucial. It is also necessary to configure a disk-encrypted machine
to automatically unlock whenever a machine reboots. Unsurprisingly, an ethernet cable consistently yielded
the fastest and most reliable network connections. Less expected was the need to configure a TPM chip,
necessary due to choosing Linux as the OS. If a Windows OS is used, their Bitlocker program will take care
of this automatically. Finally, configuring the deployed PC to automatically enable the VPN and re-mount
the hard disk drive upon system reboots ensured continued remote access without needing to repeatedly
re-visit the patient’s home. Incorporating a VPN and a data encryption protocol in the platform design was
pivotal for data security and integrity. The VPN allows a network of computers to be connected without
needing custom port forwarding to be configured on a patient’s private router. The open-source data en-
cryption protocol Rclone program provided us with off-the-shelf data encryption and an easily automatable
means of transferring data from patient devices to cloud storage [106]]. The data encryption protocol makes
back-up copies of raw data during its data transfer steps to ensure that losses are recoverable. These steps

ensured that the patient’s private data was kept secure and uncorrupted.

To be able to conduct meaningful data analysis, it is essential that the data collected from multiple de-
vices be time aligned. The clocks on each device are likely not perfectly aligned to a common internet time,
even if manufacturers suggest that they are. Additionally, some devices can experience drift at unpredictable
times, changing their offsets relative to the other devices. This creates a difficulty in working towards fully
automated, real-time adaptive algorithms, and future research will need to carefully consider solutions to this
problem. Methods of automatic alignment were explored using normalized cross-correlation. This works
reasonably well in many cases; however, time drifts must be minimal, and the data should contain clearly
identifiable signals. Because both large drift and periods where data had too much noise or packet loss were
encountered, this fully automated method cannot be fully relied upon. To minimize the burden of manually
aligning data, we created a simple GUI to allow researchers to visually check data streams with relative ease

and rapidity.

The inclusion of video data to the system enables clinicians to measure symptom severity through remote
observation, and researchers can obtain event labels. In addition, pose estimates can be calculated from

videos as a continuous metric of movement quality such as measuring the speed and smoothness of finger
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movements over time. However, collecting high resolution videos from multiple cameras requires extensive
storage space. For example, collecting 8 hours of 4k videos in the MJPEG format from three cameras
takes approximately 8 TB of storage space. Recording and storing large quantities of data quickly becomes
expensive, creating an economic bottleneck for deploying this system to many patients. In order to make
such platforms scale to many patients, future system designers need to reduce the amount of data required
for long-term storage. Future systems should consider including real-time pose processing so that videos
can be promptly deleted after the pose is processed. Real-time pose could also provide feedback about fine
motor skills in closed-loop algorithms, which is outside of the scope of this work. If preserving some video
data is needed for clinician review or event labeling, these can be down-sampled to a lower resolution before
they are saved to cloud storage.

Finally, to efficiently address the design flaws and implementation errors that invariably arise when
building an integrated system, acquiring a replica of the hardware to be deployed for use as a test-rig is
extremely valuable. In particular, this was true for testing the hardware and software that was selected for
collecting videos and processing pose data. The entire process of acquiring videos and pose estimates in both
2D and 3D space was significantly more challenging than anticipated. A test rig allows for troubleshooting

and stress-testing a number of important steps prior to deployment, including:
* Properly calibrating cameras within the layout constraints of a given room.

* Identifying the appropriate video resolution and framerate to support high quality pose estimation.
For small rooms or office-like environments, HD video recording is likely sufficient, as the size of
individuals on the recorded video large enough that pose can be easily computed while requiring

significantly less storage space than 4K video.

* Discovering bugs in recorded videos, such as freezing frames or time lags between sequentially writ-

ten video files.

* Exposing unexpected software defaults such as re-setting the camera autofocus upon machine reboots,

which occludes the benefit of camera calibration.

* Trial and error to find compatible versions of the software libraries that must be pre-installed to enable

OpenPose to run on a mid-sized GPU.
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A particular limitation of this work is deploying the platform in a single pilot study to the home of
one individual, preventing us from discovering any cross-participant generalizations from being discovered.
However, throughout the design and development process, the system was designed to be scalable and
support multiple deployments to support remote studies, and the purpose of this pilot study was to establish
the technological feasibility of a sophisticated at-home monitoring platform. Modifying this pilot design
based upon some of the discussed crucial findings and deploying the platform to more homes will allow
us to further refinement of the design to support future research in at-home aDBS. In addition, collecting
data during more times when an individual is not performing pre-determined experiments will offer insights
to improve analyses and overall therapy effectiveness. aDBS may provide a preferable method for treating
neurological diseases including PD compared to conventional DBS that can have unacceptable side-effects.
Bringing this important therapy to many individuals requires automating parameter tuning and analyzing
therapy effectiveness outside the clinic across time. The platform provides a novel approach to collect in-
home video camera, smart watch, neural recording, and patient-report data during experimental and natural
activities from the comfort of the patient’s own home. The system will further contribute to creating novel

multi-modal datasets to support future discoveries in the treatment of neurological diseases [[111]].
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Chapter 3

In-Home Video and IMU Kinematics of Self
Guided Tasks

3.1 Introduction

This chapter includes materials originally published in [99].

Deep Brain Stimulation (DBS) is an important therapy for treating individuals with neurodegenerative
movement disorders such as Parkinson’s disease (PD). There is currently no cure for PD and symptoms
cannot always be managed exclusively through medication. DBS can treat symptoms by administering
electrical stimulation directly to deep brain structures, yet the precise mechanisms of action are not fully
understood. DBS is conventionally administered continuously at a fixed frequency and amplitude and is
thought to disrupt patterns of pathological brain activity that are active when PD symptoms occur [23;|57]].
Given the brain’s nonstationary nature, it is hypothesized that continuous stimulation can cause adverse side-
effects during times when symptoms are minimal or not active [30; [31]]. In contrast to conventional DBS,
adaptive DBS (aDBS) uses disease- or symptom-related biomarkers such as subthalamic nucleus (STN)
beta-band or cortical finely-tuned gamma band (FT'G) activity to adjust stimulation parameters in real time
[35;134;133; [112]. Dynamically adjusting stimulation parameters can target symptoms more precisely while
minimizing adverse side effects and energy usage [30; 31]. aDBS is a relatively new approach, but several

studies suggest that it is viable for application both in the clinic [[113]] and at home [35; [37]]. However, se-
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Figure 3.1: Prototype aDBS Optimization Framework: Neural, inertial, and video data are collected,
time-synchronized and uploaded to a central server. Clinicians and researchers can utilize these multi-
modal data streams to develop updates for aDBS therapy. These updates can then be automatically deployed
through the central server back to the patient’s device.

lecting stimulation and algorithm parameters currently requires extensive manual tuning, a time-consuming
process that is a major bottleneck to deployment of this technology. Conventional DBS stimulation pa-
rameters already include stimulation contacts, polarity, amplitude, pulse width, and frequency, yielding a
parameter space with thousands of possible combinations [36]]. This parameter space expands considerably
when aDBS-specific algorithm parameters are included. There is a pressing need to develop automated
systems that can identify patient-specific behavioral and physiological metrics of symptom severity outside
the clinic, which are needed for optimizing therapeutic settings. Current methods of quantifying symptom

severity primarily rely on the Movement Disorders Society Unified Parkinson’s disease rating scale (MDS-
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UPDRS) [55], a clinical assessment of symptoms as patients perform varied tasks. This process relies on an
expert clinical assessor to manually determine severity on a scale between 0 to 4. As an alternative, recent
studies have shown that wearable sensors such as the Apple Watch and Parkinson’s Kinetogram (PKG) can
be used to estimate and track PD symptoms over time. These symptoms include freezing of gait [S8], tremor,
and involuntary rapid movements known as dyskinesias [59]. However, wearable sensors are only able to
detect the relative motion of the ankle- or wrist-worn device, so they do not necessarily capture complex

behaviors or isolated finger movements from everyday tasks like typing or drawing [63].

In recent work in neural sensing research, neural signals associated with symptoms have been previously
identified which may be useful for tracking therapy effectiveness. Two recent discoveries of neural symptom
biomarkers include STN beta-band power correlated with bradykinesia, a slowness of movement character-
istic of PD [57]] and cortical FTG oscillations associated with dyskinesias [34]]. In practice, however, these
markers often occur transiently in non pathological states and vary between patients, so there is not yet a
direct and reliable mapping between a single biomarker and symptoms at the within-subject level. As such,
a remote data collection method for benchmarking therapies in a way that is similar to clinical evaluations

is still imperative to support therapy optimization while patients go about their daily lives.

Video data collected in the home is one possible means of addressing this gap, although manual clinical
scoring of large amounts of video data is impractical. However, video data enables kinematic trajecto-
ries to be extracted through computer-vision derived pose-estimation. Pose data could be used to analyze
movement- or symptom-related features undetectable to wearable sensors such as bradykinesia impacted
finger movements, full body motion, or facial movements which pertain to emotional states. Videos addi-
tionally provide a source of ground truth labels of behaviors or symptoms through manual review of selected
time points. While early studies have started testing the viability of aDBS for long-term use [37]] and are
exploring pose estimation for automated evaluation of clinical state [58]], no existing studies integrate neu-
ral, wearable, and video data of freely behaving patients in the home. Motivated by the potential benefits of
video data, we designed an open-source prototype of a remotely accessible aDBS research platform. Our
platform simultaneously collects in-home videos, inertial data, neural recordings, and patient-submitted
symptom reports (Fig. [3.1I). After installation in the patient’s home, the system can be maintained remotely

and leveraged for remote experimental data collection during both free behavior and controlled tasks. Re-
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mote management minimizes potential COVID-19 exposure while lessening the need for in-clinic visits or

other disruptions to a patient’s daily life.

This chapter provides a summary of the in-home data collection platform design, and preliminary infor-
mation about our experience in deploying a prototype of the platform in one patient’s home. We explored
multiple features of bradykinesia using video and inertial data to illustrate how our platform can support
real-time assessment of clinical symptoms. Finally, we correlated our assessments of bradykinesia with the

gold standard UPDRS scores rated by the neurologist on our team.

3.2 Methods

3.2.1 Summit RC+S implantation and neural data streaming

As part of a larger IRB and IDE approved study into aDBS led by the University of California San Fran-
cisco (UCSF) [37]], one adult male patient was implanted bilaterally with cylindrical leads in the subthalamic
nucleus (STN) used for stimulation and sensing, and subdural paddle-type leads straddling the central sul-
cus of the cortex used for sensing only. Each pair of leads from a single hemisphere is connected to an
investigational-use Summit RC+S Implantable Neurostimulator (INS) [[100]] implanted in the upper chest
ipsilateral to the lead locations. Neural data is recorded at 500 Hz and accelerometry data from the INS is
recorded at 64 Hz. A communication bridge that is worn by the patient transmits neural data in packets via
Bluetooth to a Windows tablet. The tablet has a graphical user interface (GUI)-based application [108]] that

allows patients to initiate neural recordings, report symptoms, and log their medication intake.

3.2.2 Inertial Sensing

Inertial data were collected using an Apple watch model 3 worn on each wrist. Three axes of accelerometry
and gyroscope data were both collected at SOHz. Recordings were automatically uploaded to a protected
health information (PHI)-compliant third-party server (Rune Labs, Inc) [114], from which the data were

later accessed for analysis.
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3.2.3 Video Collection System

A Dell XPS PC with an Ubuntu OS was installed in the patient’s home office for in-home video collection.
Video files are written to a 2TB encrypted hard disk on the PC which can buffer videos from multiple
cameras during lengthy recording sessions. The large disk size accommodates dozens of hours’ worth of
video files which safeguards against potential loss of internet connection before files are transferred to cloud
storage. The PC solid state drive is encrypted with a Trusted Platform Module chip to allow secure machine
rebooting and logging in from remote. Three Logitech Brio USB-connected 4k-resolution webcams were
mounted in the patient’s home office. Videos were recorded with a constant frame rate of 30 frames per
second and timestamps were captured for every video frame. A custom Java application controls video
recordings per a patient-approved schedule, including a GUI displayed on a small touchscreen. The GUI
allows the patient to easily abort any ongoing or scheduled future recordings without requiring a keyboard

Oor mouse.

3.2.4 Security and Network Design

Multiple layers of security ensure protection of all data modalities. Neural data is streamed to a dedicated
tablet and is encrypted and uploaded to a secure cloud environment operated by UCSF. The tablet runs an
application used to control interactions between the tablet and the implanted device and is remotely acces-
sible to researchers for updating therapy settings. The tablet has an additional application where the patient
can choose to apply therapy updates to their device programming. Patients can also enter symptom and
mediation reports into this application. The tablet is not compatible with streaming to other mobile devices,
providing increased security. The PC where videos are written can only be accessed through a virtual private
network (VPN) that is hosted on a private server at the University of Washington. All machines connected
to the VPN are disk-encrypted, and all traffic on the VPN is additionally encrypted. Video data is encrypted
and transmitted from the PC to an encrypted HIPAA compliant Wasabi cloud environment for long-term

storage.
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Figure 3.2: Experimental Tasks During Data Collection: We collected six sessions of data recordings
for a total of approximately 45 minutes each day. Each recording day was split into three blocks with dif-
ferent stimulation amplitudes based on the clinically effective stimulation level. The same three stimulation
amplitudes were used for each day, and the block order was permuted such that every order was tested. A
series of self-guided clinical tasks taken from the Unified Parkinson’s Disease Rating Scale (UPDRS) were
performed by the patient in each stimulation block. From left to right the illustrated tasks are resting tremor
assessment, thumb-to-index finger tapping, hand opening and closing, wrist pronation-supination, sit-to-
stand movement and walking, and a typing task. Brief periods of acclimation to the stimulation changes
were included at the start of each block prior to performing the tasks.

3.2.5 Preliminary Data Collection and Controlled Experiments

We recorded a series of at-home experiments for use in clinical assessment and for exploring symptoms that
can be measured at home. The series consisted of six days of recording for approximately 45 minutes each
day. Data were collected from all data modalities (neural, Apple Watch and INS inertial, and video) while
the subject performed a series of clinical tasks taken from the Unified Parkinson’s Disease Rating Scale
(UPDRS) [55] (Figure[3.2). The tasks were resting tremor assessment (UPDRS item 3.15), thumb-to-index
finger tapping (3.4), hand opening and closing (3.5), wrist pronation-supination (3.6), sit-to-stand movement

(3.9) and walking (3.10), and a typing task. Each clinical task was repeated at three different stimulation
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amplitudes each day to expose different symptomatic states. INS inertial data was used strictly to assist in

time-aligning across modalities.

3.2.6 Gesture-based Data Alignment

It is critical that all data sources are accurately time aligned so that relationships between neural and be-
havioral data streams may be identified. Each of the three data sources in this multi-modal system operated
on independent clocks, requiring a synchronization event to align sample timestamps. Understanding that
synchronizing timestamps from the multiple clocks in each device can be unreliable, we designed a simple
gesture that the patient could perform to allow for post-hoc data alignment. The patient was asked to tap their
INS while keeping their hands in-frame of the video cameras. Directly tapping the INS creates distinctive
patterns in the INS acceleration signals that are also clearly observable in the Apple Watch inertial signals
and in the video-derived pose estimates. While future work should explore methods to use free behavior for

data alignment, this current process provides a verifiable post-hoc method.

3.2.7 Apple Watch Angular Velocity for Symptom Assessment

To confirm that wearable-sensors can capture stimulation dependent behaviors at home, we analyzed peak
angular velocity (Vpeak — defined as the angular velocity at each peak) and angular displacement during
the clinical hand pronation supination task. A reduction in velocity and range of motion over repeated
hand pronation-supination tasks can be observed when bradykinesia is present [355 [115]. To capture limb
movement and to reduce the impact of co-existent tremor, we used a fourth-order low-pass filter with a cutoff
at 5 Hz (Butterworth) on angular velocity data from the Apple Watch’s on-board gyroscope. To estimate
the number of pronation-supination tasks completed during each task period, we used the SciPy find_peaks
function [[116] which returns the indices of the local maxima for a given signal. A single pronation or
supination is defined as the maximum slope of the angular velocity between two sequential peaks. The
angular displacement of a single pronation or supination is integrated by summing the angular velocity

values of a pronation or supination, multiplied by the sampling interval.
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3.2.8 Video-derived Pose for Symptom Assessment

For assessing symptoms with pose estimates, we focused on the finger-tapping and hand open-close tasks.
The UPDRS scores bradykinesia by looking for a slowing of speed and a reduced distance between fin-
gertips over time. Similarly, a slowing of finger speed when repeatedly opening and closing the hand can
be observed when bradykinesia is present [S5]. From the collected video data, we extracted estimates of
joint positions using the open-source OpenPose toolkit [64]. We completed initial implementation with
2D reconstruction from each deployed camera. OpenPose 2D output provides a confidence value for each
joint position estimate, and we removed estimates below a 10% confidence threshold. To analyze the finger
tapping task, we first manually identified task periods by reviewing videos. We measured the Euclidean
distance between the patient’s pointer and thumb in 2D pixel space for each frame of the task period which
produced an oscillatory time-series. To estimate the number of taps per task period, we used the SciPy
find_peaks function [116] which returns the indices of the local maxima for a given signal. We defined a
finger tap as the local minima of the finger distance time-series. From this, we defined an approximated
tapping rate as the number of total finger taps in a task period divided by the task period duration in seconds.
The task period duration in seconds is calculated as the number of data points in the distance time series,
divided by the video frame rate. We performed a paired-sample permutation test, with a null hypothesis that
the mean difference in tapping rates between the stimulation levels is equal to zero. During periods where
the patient completed the hand open-close task, we measured the position of the patient’s middle fingertip
in 2D pixel space for each frame of the video. We derived velocity as the change in position estimates per
frame over each task period. We then calculated the root mean square velocity (Vi) as the square root of
the average squared velocity. We performed a paired-sample permutation test, with a null hypothesis that

the mean difference in the vy, between the stimulation levels is equal to zero.

3.2.9 Clinical Ratings and Correlation Analysis

For assessing symptoms of movement disorders, clinicians trained in the UPDRS [S5] blindly scored all
task periods they reviewed from videos based on the associated UPDRS task. To assess how well our symp-
tom assessments can capture bradykinetic features, we calculated a Spearman rank correlation coefficient

between the measurements from our pose- and IMU-based analyses and UPDRS scores for each task period
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as rated by the neurologist on our team.

3.3 Results

3.3.1 Gesture-based data alignment

To determine the need for a data alignment method, we evaluated the differences in timestamps from each
sensing system during the common artifacts produced by the gesture. This comparison of the shared event
markers revealed large discrepancies in time-alignment across devices, including one extreme example
where the INS accelerometry was 20.8 seconds ahead of the Apple watch accelerometry, and where video
timestamps were 1.58 seconds behind the Apple watch accelerometry. This supports our prior assumption
that internet-synchronization of time across consumer devices is not consistently reliable. However, the ar-
tifacts from tapping motions provided a reliable post-hoc way of aligning data between neural, inertial, and

video-derived pose estimates.

3.3.2 Symptom Assessments

1. Inertial Assessment: To determine if these movement features can discriminate between putative
symptomatic states, we plotted distributions for vpe, from all task periods across all 6 days and ana-
lyzed the angular displacement from each supination and pronation on a unit circle (Figure [3.3]shows
the median angular displacements per task period). Because pronations occur in the opposite direction
from supinations, the angular velocity is generally negative on the x and y axes. Thus, values closer to
zero in for both pronations and supinations indicate a lower angular velocity of the movement. Some
intermittent data drops from the Apple Watches prevented us from running paired statistical tests for
all 6 days, and we chose not to run unpaired statistical tests due to variance in factors such as medi-
cation levels per day. However, clear slowing of movement can be seen between the distributions of
Vpeak at 50% vs 100% and 50% vs 110% stimulation (Figure @ This corroborates the results from
other studies where increasing DBS amplitude reduces bradykinesia symptoms in clinical practice
[117]. The distributions for angular displacement show less overt differences, indicating that velocity

may be better suited than range of motion to capture clinically relevant symptoms from a wearable
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Figure 3.3: Pose and IMU Data Analyses: To explore the effects of stimulation levels during clinical
tasks, we analyzed the finger tapping and hand open-close tasks from video-derived pose data and the wrist
pronation-supination task from Apple Watch data from all 6 days. Reduced tap-rates, Vims , Vpeak and angular
displacement can be seen during periods where the individual is at 50% of their preferred stimulation levels.
The mean tap-rates and v, between periods at 50% vs 100% and between periods at 50% vs 110% preferred
stimulation showed a statistically significant difference, and the mean tap-rates and v,ns between 100% and
110% preferred stimulation did not show a statistically significant difference. Clear differences can be seen
between the distributions of vpeax at 50% vs 100% and 50% vs 110% stimulation, corroborating findings in
other studies using inertial data to quantify Bradykinesia symptom severity. Angular displacement shows
less overt differences across stimulation levels, indicating that velocity may be better suited than range of
motion to capture features of Bradykinesia symptom severity from inertial sensors worn at-home.

sensor worn in natural conditions.

2. Pose assessments: To determine if pose data can discriminate between putative symptomatic states,
we analyzed values from all 6 days for tapping rates and v,ms paired by day (Figure [3.3). There
was a statistically significant mean increase in tapping rate between the 50% and 100% stimulation
conditions (paired sample permutation test) for both the left (p=0.031) and right (p=0.031) sides.
There was also a statistically significant mean increase in tapping rate between the 50% and 110%
stimulation conditions (paired-sample permutation test) for both the left (p=0.031) and right side
(p=0.032). There was not a statistically significant difference in tapping rate between the 100% and
110% stimulation conditions (paired sample permutation test) on either the left or right side. There

was a statistically significant mean increase in v between the 50% and 100% stimulation conditions
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(paired-sample permutation test) for both the left (p=0.031) and right (p=0.031) side. There was also
a statistically significant mean increase in v,y between the 50% and 110% stimulation conditions
(paired-sample permutation test) for both the left (p=0.031) and right side (p=0.032). There was no
statistically significant mean difference in vyy,s between the 100% and 110% stimulation conditions

(paired-sample permutation test) on either the left or right side.

. UPDRS Score Correlations: To test our kinematic assessments of bradykinetic features as compared
to the current gold standard, we correlated our results with clinician rated UPDRS scores [55] for
each task period (Figure [3.4). Tapping rates showed a statistically significant negative correlation
with UPDRS scores on both the left (rho=-0.728, p=0.001) and right (rho=-0.703, p=0.001) sides.
vims Showed a statistically significant negative correlation with UPDRS scores on both the left (rho=-
0.632, p=0.005) and right (rho=-0.861, p=0.000) sides. The mean ;. of supinations showed a statis-
tically significant negative correlation with UPDRS scores on both the left (tho=-0.741, p=0.001) and
right (tho=-0.775, p=0.000) sides, and the mean v,k of pronations showed a statistically significant
positive correlation with UPDRS scores on both the left (tho=0.772, p=0.000) and right (rho=0.805,
p=0.000) sides.

3.4 Discussion

We designed our data collection prototype to support ongoing research towards automating the optimiza-

tion of aDBS algorithms in real-world settings. The prototype collects multi-modal data including video

recordings to provide a behavioral complement to neural and wearable recordings that could be used in the

development of adaptive stimulation algorithms. While several sources of feedback including neural mark-

ers [35;37] and inertial data from wearable-sensors [59; [117] have successfully enabled aDBS, automating

aDBS programming is an outstanding challenge due in part to the expansive stimulation parameter space,

which cannot be exhaustively explored in a clinical setting alone. Developing automated methods to assess

PD symptoms outside clinical observation is an important requirement to enable this next step. Platforms

that can remotely capture multiple data modalities is a vital tool for determining what data are required to

properly assess symptoms in future clinical deployments.
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Pose estimates from video data can detect movement features that are not observable from inertial or neu-
ral signals such as isolated finger movements, providing a potentially critical component of a remote symp-
tom assessment system. Clinicians can also compare automated symptom assessments to “ground-truth” by
reviewing videos manually, which can give insights for calibrating aDBS algorithms more precisely. While
collecting video data is potentially intrusive to privacy and is processing- and storage-intensive, computing

pose estimation locally to avoid sharing raw videos can reduce privacy concerns.

During our preliminary data collection and analyses, we observed visibly reduced speeds and tapping
rates during periods where the patient was under-stimulated. We identified potential automated behavioral
metrics including video-based methods to capture isolated finger movements during the finger-tapping and
hand open-close tasks. Future iterations on bradykinesia assessments could result in formalized metrics that
capture clinically-actionable features based on continuous tapping rates and speeds as well as between-finger
distances. Uses for pose may be extended to provide a rich collection of motor and non-motor symptom
assessments to further support at-home therapy analysis. Pose could be leveraged to accurately calibrate
aDBS algorithms for specific behaviors such as pointing or grasping, while neural and smart-watch signals
can give feedback for adjusting stimulation in real time. This in turn would enable future work in developing
automated aDBS parameter optimization techniques required by the field for clinical translation of these

promising yet incredibly complicated devices.

Our prototype is open-source and modular; any one component can be removed and replaced without
disrupting the other components. The progression of this study will invariably reveal as-yet unidentified
needs for enabling optimized aDBS, thus a system capable of dynamic updates is necessary for long-term
usefulness. By creating a secure and modular design that scales, additional patients can be enrolled in this
study with minimal effort, all software tools can be updated or replaced, and algorithms can be innovated

upon and updated.

This preliminary work has several limitations. We tested our prototype with a single patient, preventing
any generalizations from being made regarding other patients. Until we test on the remaining patients
enrolled in this study, incorporating video data only provides an example of the value of this prototype data
streaming system. Our gesture based manual time synchronization and data alignment method should be

automated to be scalable and to fully exploit the rich multi-modal data available for discovering symptom
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metrics outside the clinic. Many of our recordings were done at times when the patient engaged in controlled
experiments. Further testing during times of unstructured patient behavior will give more opportunity to
improve our prototype and analytical methods.

We share this prototype to disseminate our early experiences in developing a platform designed to sup-
port future multi-modal sensing work in automating DBS and aDBS for patients with PD. We deployed our
prototype to the home of a single patient and were able to collect pilot data for preliminary analyses to better
guide our future work. This work has potential for supporting forthcoming efforts in automating schemes
by providing a means of collecting data to support symptom assessment analysis. This system will scale for
additional patients and will enable the creation of new datasets to enhance neuroscientific discovery into the

causes, symptoms, and treatment of those suffering from movement disorders.
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Figure 3.4: Pose and IMU Analyses Compared with UPDRS Scores: To assess our analyses against the
gold-standard method to measure symptoms and disease progression, we computed a Spearman Rank Cor-
relation Coefficient on our pose and IMU measures with the UPDRS scores rated by the neurologist on our
team. Lower values for tapping rates, Vs and the magnitude of vpe,x indicate reduced task frequency and
movement speeds. The blue dots reflect periods where the patient was at 50% of their preferred stimulation,
and green and purple show 100% and 110% of their preferred stimulation, respectively. Data collected on
the third day that was intended to be recorded at 100% preferred stimulation was erroneously recorded at
90% and is denoted with a star shape. Because pronations occur in the opposite direction from supinations,
the angular velocity during pronations is generally negative. The bottom row shows the absolute value of
pronations pooled with the value of supinations. Tap rates, ,s and mean, peak all show decreased perfor-
mance wherever the patient was under-treated, and these periods were all given scores of Mild to Severe
bradykinesia.
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Chapter 4

The Missing Expert in Neurotechnology:
Context and Expertise from the Research

Participant

"Travel to a lot of different countries and you’'ll find a thousand different ways of thinking the world is real,

all of which are just stories inside of people’s heads.” —Alan Kay

4.1 Introduction

We recently published a novel home-based data collection platform ecosystem and related methods that
can scale to many people [98]]. While preparing to disseminate this work with the research community,
our anonymous reviewers asked several questions about our study participant’s experience that we had not
addressed in our initial approach, including:

"What was the participant’s experience with system usability?"

"What was the participant’s experience during hardware installation?"

"What changes did the participant or their family experience in their day-to-day routines after installation?"
“What was the participant’s experience while completing the in-home experiments?”

“What were the principal areas of frustration or difficulty when interacting with the system?”
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Figure 4.1: Clinical Neuroscience Citations in PubMed: These results show citation counts per 100,000
from the biomedical database PubMed, from the years 1970-2024. The blue trace shows citations with the
phrase Clinical Neuroscience, and the red trace shows citations with the phrase Clinical Neuroscience and
Patient Experience.

In short, we learned that our reviewers wanted to understand the participant’s experience with our
translational work and to evaluate whether our pilot study provided adequate user support while bring-
ing adaptive Deep Brain Stimulation (aDBS) into the home. This feedback served as a clarion call to
explore the human experience while interacting with neurotechnology systems. While researchers in fields
such as human-computer interaction (HCI) and user-centered design (UCD) have been publishing estab-
lished strategies to analyze and center participants’ experiences interacting with technology for decades
(1185 [119; 1205 1215 (1225 [123; [124]], these approaches are frequently excluded from a majority of clinical
neuroscience research (Figure@ [125].

For example, pioneering studies trialing aDBS in humans, and later piloting aDBS in the home, did
not report on incorporating these kinds of strategies in their work [1265 [127; 305 155 1315 1355 1285 [1295 [130;
37: 1315 11325 11335 199]. The reviewers’ questions underscored the importance of collecting data that cap-

tures the user’s experience interacting with technologies that transition from research labs to real-world
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settings, particularly in medical contexts. Beyond developing infrastructure supporting aDBS outside the
clinic, I recognized the need to ensure our systems can sustainably integrate into users’ lives and support
their daily needs. While some later publications do report on the participant experience in their work, many
of these analyses are conducted and published separately from the "main" research foci (e.g. machine learn-
ing algorithms or biomarker discovery). There are encouraging recent exceptions to this, such as [134]’s
mixed-methods study on participants’ experiences to changes in their personality after undergoing DBS.
Nonetheless, such studies are in the minority, and a tendency to reduce participant experience to numerical
metrics persists [[118;[135]. This is highly problematic for clinical neuroscience researchers, in part because
lived experience affects neural structures and functions and their related behaviors, in direct and indirect
ways [125 [13; 1145 [15]. Failing to account for this impedes our efforts to properly interpret, replicate and
generalize scientific findings [7} [19]. This is a critical time for aDBS researchers to utilize strategies for
continually evaluating and integrating participants’ experiences into their work. Doing so is essential to suc-
cessfully translate neurotechnological innovations into real-world settings, and to ensure they meet practical
needs and achieve their intended impact.

In this chapter, I detail the background, relevant literature, methods, and results from a retrospective
analysis I conducted to investigate the participant’s experience participating in our 2-year pilot study, as de-
scribed in Chapter[I} This retrospective analysis was conducted at the end of the 2-year study. I first review
the philosophical paradigms underlying the separation of the “quantitative” and “qualitative” approaches
frequently taken in clinical research [[125]], including in my own prior work [99; 98]]. From this, I identify
how the needs of research participants may be integrated into translational clinical neurotechnology re-
search. I then discuss my retrospective analysis, reporting the methods and results of this first-in-kind study
of a participant’s experience using an in-home aDBS platform ecosystem. The outcome of this study lends
important context to the results of our published work, answers the inquiries of our previous reviewers, and
provides recommendations that future in-home clinical neurotechnology studies can utilize to better adapt
their technical solutions to the lives of the people they seek to improve. This chapter represents a significant

labor of love, and an unexpected dive into the deep end of the philosophy of science.
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4.2 Background

4.2.1 Spurned Ologies in Clinical Research

Neurotechnology research in humans has been ongoing for decades, from the first passively recorded human
electroencephalograms (EEG) in 1924 and the first shocks of electroconvulsive therapy in 1950 [[1365 [137]).
Since then, the field of neurotechnology has grown rapidly as clinical neuroscientists, together with technol-
ogists and engineers, have helped to restore sensory, motor and cognitive functions in humans [[138]. Such
impressive breakthroughs notwithstanding, neurotechnology research is still a relatively young field, espe-
cially for neurotechnology translation which endeavors to bring novel technologies from the research lab to
real world settings [47; 148}, (1395 [140; 37]. Though bioethicists and neuroethicists have written extensively
on guidelines for conducting neurotechnology research, there is no regulation or standardization specific to
this field [141} [142]. Not surprisingly, many of the studies we see today follow in the footsteps of clinical

research generally.

What then constitutes "good", "valid", or "effective" clinical research? Evaluating the standard of "ef-
fectiveness" or determining confirmation of “valid knowledge” in a given field is not a trivial endeavor.
Moreover, it falls to the "ologies" — ontology, epistemology, axiology, methodology — to debate whether
research is “valid" or whether it is nonsense. As important as validity is one’s belief of what "reality" is
(says ontology), and one’s belief of how knowledge "comes to be" (says epistemology). These beliefs are
so foundational to our every thought that we may not be cognizant of them; nonetheless, they underpin
assumptions that shape the research questions we ask and how we conduct and evaluate the research itself

(1255 143]).

Unfortunately, it has become exceedingly difficult to ascertain the philosophical paradigms that underlie
much of contemporary clinical research since these “ologies” were relegated to the “soft” science of philoso-
phy (if included de rigueur as a science at all). Instead, most modern clinical research jumps directly from a
research justification section (“Introduction”) to a "Methods" section. Even published research from clinical
trials, which has stricter criteria than general clinical studies [[144], does not typically discuss its research
paradigms. Though we can observe the choices that are made in a given publication and attempt to infer the

underlying research paradigms, it is not clear if the researchers themselves are aware of the unstated bias in
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assuming one paradigm over another [145;|12].

Clinical research, and medical research generally, has become dominated by a positivist philosophical
paradigrrﬂ [1185[146]. Positivism considers that "reality” or "the world" exists externally to a person, and
that there is a single "objective" or "true" reality that exists, regardless of whether people are aware of it or
not, and regardless of whether people are able to observe or discover it. || A positivist paradigm differentiates
scientific discoveries and personal experiences or value judgements. Research from a positivist approach
seeks to uncover this single reality, in part by forming falsifiable research questions and testable hypotheses.
Knowledge discovery must be conducted "objectively," i.e., without allowing human values to confound the
findings. In this paradigm, objectively discovered knowledge is considered "true;" thus, it will generalize
regardless of time passing or of changes to context.

Today, most positivist researchers recognize that our attempts at uncovering "objective reality" cannot
be perfect; nonetheless, objective knowledge remains the ideal goal. The research process of a positivist
paradigm seeks to discover new knowledge by observing the relationships between causal or independent
variables and some outcome, i.e., the dependent variable. To do this, researchers endeavor to isolate and
control all independent variables so that the particular variable of interest can be exposed and measured. For
research outcomes to be considered valid, the research design, process, and any outcomes must reasonably
support any claims of cause and effect, or causal inference, and any external "threats" to these claims (e.g.,
bias) should be minimized [[148};[149; 150].

In this way, positivist researchers separate themselves from the people that participate in their research
study to keep the data "emotionally neutral” and thus to isolate the "objective finding" from any personal
experience or value judgement. The notion that researcher and research participant can be kept entirely
separate is known as "dualism," and strict protocols are followed to minimize any bias or non-objectivity
from muddling the "truth.” We see the influence of this paradigm in the strict guidelines for what constitutes
a randomized controlled trial (RCT) that can be single or double-blinded; the researcher is kept from the
researched subject, and the researched subject is kept from the research design and process [144;[151]. The

RCT has contributed monumental medical breakthroughs for society, including treating tuberculosis with

!There is more than one type of paradigm considered to be positivist. Here, we refer to empirical positivism, sometimes called
post-positivism [146].

“Heisenberg’s uncertainty principle from quantum physics presents a conundrum for positivism by stating that conscious obser-
vation of an event collapses the wave function of that same event, inherently altering it [147].
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streptomycin, learning prevention measures for cardiovascular disease, and establishing chemotherapy for
improving survival rates in early-stage breast cancer [152; [153]]. However, a growing body of research
suggests that the methodologies derived from a positivist paradigm (such as with RCTs) are insufficient to
properly study complex and non-static social dynamics[154; [125; 118} 11555 [125 [13; [14]], and in 1999 and
again in 2001 the Institute of Medicine called for a redesign of care systems, based on evidence of quality

failures [156].

To be clear, many other paradigms certainly exist in clinical research. Notably, these publications tend to
be separated from their positivist-dominated counterparts by a single qualifier: that of what today is referred
to as "qualitative research." This demarcation suggests that only positivist approaches would constitute
"quantitative research.” In fact, it is entirely feasible to conduct research from a positivist paradigm using
non-numerical methods, and conversely to conduct research from a non-positivist paradigm using numerical

methods [[148};157;(146]].

Regardless, a trend has persisted where a significant majority of clinical research from non-positivist
paradigms focuses on "qualitative" methods, and these studies are frequently found in separate journals.
These approaches generally do not seek to separate researcher and researched (and indeed, doubt whether
this dualism is possible in the first place). When published, these studies are said to evaluate the "human
aspect” of clinical research. Of course, we might ask ourselves what that could possibly entail since clinical
research is, first and foremost, research concerned with evaluating treatments or interventions intended for

humans.

One such alternative paradigm is interpretivism, which touts that there is no single reality, but rather
that reality is inherently subjective, that reality can be known only through social construction, and that
cause and effect are mutually interdependent. Research questions in this paradigm focus on the why or how
behind phenomena, not the cause and effect. Interpretivists hold that contextual factors must be taken into
consideration in any systematic pursuit of understanding, and that there is inescapable interaction between
the researcher and research participant [[158]]. The general epistemology of interpretivist researchers consider
that knowledge is generative; knowledge can "emerge" through researcher—participant discourse, or it can

be "developed" or "created" by a researcher or research participants’ engagement [[125;[159].
Because interpretivists assume that perfectly bias-free research is impossible, one of the research aims
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is to notice how the researcher’s thoughts, feelings, opinions and experiences influence what they observe
and record. Furthermore, some interpretivist paradigms hold that researcher subjectivity is in fact an asset
rather than a "threat to research validity" [145]. For example, the interpretivist methodology of reflexive
thematic analysis insists that phenomena are actively developed by the researcher leveraging their subjective

interpretations rather than found "hidden" in data. To quote Braun and Clarke:

"Themes are generated, created or constructed [...] they are not identified, found or discovered,
and they definitely don’t just “emerge” from data like a fully-grown Venus arising from the sea

and arriving at the shore in Botticelli’s famous painting." [[159]

This approach clearly runs counter to basic tenets of positivism. Thus, it is perhaps no surprise that we so
often see research from these two paradigms published in very different places and supported differently by
the scientific community. In a society where value is frequently demonstrated by currency, it is noteworthy
that "qualitative" research proposals within health science and in research institutes are given less funding
and resources than the proposals that emphasize "quantitative" approaches to research [160].

A meaningful alternative to this seemingly hierarchical split between “quantitative” and “qualitative” —
or worse, “human” and “non-human” clinical research — is found in mixed-methods research (MMR). There
are several ways to structure and integrate MMR and just as many different research paradigms on which
they are based. Often, MMR researchers articulate a combination of paradigms or rely on a paradigm that
is based in either interpretivism or some "less extreme" relatives of positivism, such as critical realism or
pragmatism.

MMR has formally existed since at least the 1960s and was based on the work of anthropologists and
sociologists. It "combines elements of qualitative and quantitative research approaches for the broad pur-
pose of increasing the breadth and depth of understanding” [161]]. Four areas are considered appropriate
candidates for an MM approach: (1) when concepts are new and not well understood, (2) when findings
from one approach could be better understood with a second source of data, (3) when neither approach,
by itself, is adequate to explain the concept being studied, and (4) when quantitative results are difficult to
interpret, and qualitative data can assist with understanding the results.

Beyond merely "combining" parallel approaches into a single study, infegrating qualitative and quanti-
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tative data and research processes offers many potential gains [[162; [160]].

One type of MMR is explanatory sequential design. Researchers using this design approach collect
data in two sequential stages. First, they collect and analyze quantitative data. Second, they collect non-
numerical types of data to understand the potential "why" behind their quantitative findings. This approach
is particularly useful when the quantitative data identifies patterns or trends but more depth and under-
standing is needed to explain them [162;[163]]. As an example, researchers used an explanatory sequential
approach to investigate why only some people who have Parkinson’s disease (PwPD) experienced reduced
pain sensitivity after exercising, while others actually had an association between increased physical activity
and increased pain [164]. Quantitative survey results are first collected, followed by a thematic analysis of
semi-structured interviews to better interpret the findings from the surveys. Researchers did not find patterns
for pain management amongst people with similar pain contributors from their integrated analysis. How-
ever, they did find that the relationship between pain and physical activity varied based on PwPDs’ sense of
control from their thematic analysis. For studies like this, more sophisticated quantitative surveys might be

necessary to capture meaningful relationships about pain.

Another type of MMR uses a multistage framework, where researchers use multiple stages for data
collection and analysis. Each study stage can use a different design, an approach useful in longitudinal stud-
ies evaluating design, implementation, and assessment of some intervention or protocol. In the case study
framework, both quantitative and qualitative methods for data collection and analysis are used extensively
to construct a rich and thorough understanding of the case. In one example, a case study investigated why
nurses typically under-report violence in the workplace. They analyzed non-numeric data from participant
observation, semistructured interviews, informal field interviews and journaling, and they analyzed numeric
data about violent events. Case studies can be extended to comparative case studies, such as one study
exploring how clinical preventative services are delivered in family medicine offices [[162]]. There are also
participatory frameworks, including community-based participatory research (CBPR) which focuses on so-
cial, structural, and physical dynamics, and engages community members, organizational representatives,

and researchers in all aspects of the research process [162].

A common critique of MMR is that it can fail to properly "integrate" multiple discrete approaches and

instead merely "cobble them together” [[L65]]. The National Institute for Health (NIH) recommends in their
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Best Practices in Mixed Methods Research in the Health Sciences (2011) that researchers ensure they clearly

articulate and portray how the multiple components work together and to what end [[166].

4.2.2 Implications of Paradigm Divisions for Neurotechnology Translation

The "quantitative vs qualitative" divide in most clinical research is troubling for multiple reasons. First,
by limiting ourselves to researching only within the parameters valued in a single paradigm, researchers
become siloed with a mere subset of methodological skills and are often entirely unaware of different types
of research questions we could be asking [[1655 [1235]].

For example, Ingraham et al [167] used the User Preference metric to measure people’s preferences
and experiences wearing exoskeletons. Though exoskeleton technology had existed for decades, it was
not commonly used outside of research labs; therefore, before this work, no one had attempted a formal
investigation of the user experience. The User Preference method is actually a quantitative method that
has been leveraged in fields like economics and business for decades, however Ingraham et al [167] notes
the wearable robotics community assumed that User Preference must be a "soft, qualitative” method, and
thus was not utilized in their field. Such misconceptions about methods used in other fields reflects an ill-
advised willingness to dismiss methods simply for being outside of a narrow set of paradigms. This risks
confinement within the bounds of what we are already familiar with rather than continuing to expand our
minds, our ways of knowing, and our skill sets.

Moreover, lack of exposure to "the other" frequently contributes to suspicion, fear, and ultimately to
our devaluing what is different [[168]]. Frequently, researchers with a background in positivist research have
expressed skepticism regarding "soft qualitative”" outcomes because they are subjective, do not generalize,
and cannot be validated in the ways that positivism requires. I find this line of reasoning unsatisfying
because it suggests that positivist researchers do not themselves bring their subjective experiences to their
work and to their interpretations of their data analyses and research outcomes [[145]. Indeed, it is through
their subjective experiences conducting research that researchers develop an "expertise” in the first place. It
also suggests that research produced from non-positivist paradigms may not be "valid" because it adheres
to different methods for determining validity. To dismiss approaches from other paradigms based on this

argument is to justify distancing ourselves from these other ways of discovering knowledge and contributing
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value, rather than utilizing the full set of tools and subsequent insights that are available. Worse, we will
continue to devalue any alternative approaches to knowledge discovery beyond what we already know, thus
perpetuating the divide we see in clinical research and blocking ourselves from being able to synthesize

truly inter-disciplinary solutions [[165;169; [118]].

A refreshing exception to the trend of separating "quantitative" and "qualitative" research was published
earlier this year in the Frontiers in Human Neuroscience journal, which frequently publishes "quantitative"
clinical research [92]]. To my knowledge, this is a first of its kind DBS for Parkinson’s disease (PD) study
that was guided by nine research participants engaging in the research process for collecting longitudinal
data for informing aDBS algorithms. As is typical in current clinical research, Feldmann et al [92]] did not
articulate their research paradigm. Nonetheless, they state the importance of collecting in parallel objective
and subjective data types to improve the ecological validity of biomarker research outcomes translating
from controlled lab environments to real-world settings, suggesting something other than a purely positivist
paradigm influenced their work. Their rationale for incorporating patient engagement into their design
includes "successful data collection,” with the specific goals of understanding participant preferences and
difficulties when undergoing data collection and to more comprehensively capture their full experience,

including symptoms and level of functionality.

Much of their participants’ feedback is both relevant and so similar to some of my later results in this
chapter that I describe some of it in detail here. A priority for many of their participants included sensors
not requiring frequent recharging and the ability to wear them continuously (e.g., while showering) to avoid
data loss due to forgetting to put them back on. Several people also felt that multiple parallel devices for
collecting wearable sensor data was stressful. Another finding was to keep the data collection process simple
and to ’gamify’ experiments, ideally by featuring a score to motivate them during the game. Interestingly,
they felt that active measures of movement quality are more reliable than passive ones, such as typing speeds.
Several participants had clear preferences for how data should be saved and transferred, both to ensure data
security and to avoid data loss. They also wanted "study support” beyond medical assistance; for example,
they wanted "patient experts" to represent their perspectives and daily experiences during data collection.
Intriguingly, there was also strong desire to be engaged in the entirety of the research progress, including

planning, progress-update meetings, and interpreting results.
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Feldmann et al [92] notes that researchers incorporated several adjustments to their study design mid-
way through as they received participant feedback. A particular change was to provide desired study support.
They found that engaging with participants in meetings fostered participant motivation, for example, by
participants’ willingness to undergo detailed input collection increased once they understood the scientific
necessity of collecting this kind of data. They also found that repeated stages of engagement and study
refinement, rather than only one, provided further valuable input. Finally, researchers noted the value of

garnering feedback in a setting other than an informed consent conversation:

"Our impression was that the attending patients felt free to give their honest opinion, since they

were considered the “experts” throughout this whole activity."

4.2.3 Participant Engagement in Clinical Research

Inspired by the work of [92], I explored the literature of impacts on clinical research outcomes when partic-
ipants interact with researchers in meaningful ways that are directly related to the research process. Unfor-
tunately, the amount of studies that report on participant engagement in any fashion is exceedingly small.
Of these, what constitutes as meaningful engagement is limited, varies in terms of depth and content, and
frequently focuses on a single aspect, such as recruitment, rather than a deeper exploration of participants
actually engaging in research [[170; 17151725 [173]. In one example, a review paper analyzed the full text
of 2,777 clinical studies between 2011 to 2016 claiming to engage with participants in the research pro-
cess [171]]. Of these, they only deemed 23 as actually engaging participants in research. From these, the
types of engagement included developing research questions, selecting study outcomes, and disseminating
or implementing results.

Another review paper surveyed literature on tools to evaluate patient engagement. Of the 10,663 unique
studies identified between 1980 and 2016, a mere 27 met the reviewer’s criteria for inclusion in their analysis
[L72]. This is notable in part because of an increase in recent literature reporting the health benefits from
people actively engaging in their own health care [84; 85; (82} 1835 1875 [86; [75; [88]] and also because funding
agencies are beginning to ask for participant engagement work to be incorporated into clinical research, with

some allocating funding specifically for this endeavor [40; 731705 174517551765 177; 178517951805 181]].
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Sacristan notes

"According to the predominant culture, research is performed on patients, not with patients.
Thus, patients continue to be regarded as a source of data and not as the true protagonists in the

process." [173]]

Notwithstanding the relatively limited amount of work reporting on participant engagement in clinical
research, studies have demonstrated that participant engagement can increase enrollment in and reduce
dropouts of participants in studies [94; [182; [183} (1845 [170; [1855 [12]. Participant engagement can further
ensure that research protocols are tolerable for participants, and researchers have further reported their work
is more rewarding and enjoyable when participants are active research partners [93;[186;|173]]. All of these
factors contribute to studies completing more quickly, which in turn reduces costs and enables technology to
translate more quickly [95;96]. [95;96]. A handful of studies have actually explicitly attributed participant
engagement to overturning incorrect assumptions held by researchers about key study outcomes [[1875; [188};
1895 190].

The majority of clinical research that incorporates some level of participant engagement exists outside
of the "quantitative" (and thus the majority) domain of clinical research [170]]. There are some exceptions,
including the work of [92]] that I discussed earlier. Although qualitative clinical research has been conducted

for decades, it is rarely given the same visibility or discussion space as quantitative research.

4.2.4 Who Defines Effectiveness?

For the complex realm of neurotechnology translation, an entire multidisciplinary team collaborates to de-
sign, build and deploy a complex aDBS that can meaningfully improve peoples’ quality of life. To then
enable this therapy to integrate into peoples’ homes and day-to-day routines, we need creative and multi-
faceted strategies that can address the non-stationary and interdependent dynamics of human-to-human and
human-to-machine interactions [118;92]]. This will require immense effort, persistence, and a willingness to
embrace discomfort as we grapple with how to navigate different views of "what is valid" from the many dif-
ferent paradigms that will exist in multi-disciplinary endeavors. Importantly, funding agencies and journal

editors must lend their support if we are to succeed in such a herculean endeavor:
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"Engaging in this form of research requires a new funding model wherein stakeholders value a
range of paradigmatic ways of knowing beyond positivism and research that does not marginal-
ize qualitatively driven approaches. In this model, journals must expand their word counts to

make room for sufficient description of mixed methods methodologies and methods." [165]

Ultimately, we must acknowledge that what provides people with "effective" treatment or care may not
be data we can readily capture in the form of "measurable outcomes". Clinicians, technologists, and other
practitioners must loosen their tight grip on "measurable outcomes" as the sole definition of effective, safe,
and impactful work. It is time that researchers ask the Experts living with PD, with DBS, and with the

systems we deploy to their homes what meaningful research looks like.

4.3 Methodology

4.3.1 Study Design

Because we did not initially set out to conduct a mixed methods study at the beginning of the Weill project,
I designed and conducted a retrospective analysis by adapting both the explanatory sequential design and
the exploratory sequential design mixed method approaches [[162} 191} [163]]. This study explores the par-
ticipant’s experience during our 2-year project, and adds context to our prior aDBS translation work. First, I
conducted a partially unstructured and partially semi-structured interview with the participant at the end of
the study. Next, I gathered and processed field notes collected over 2 years. These include G-Chat messages
between the participant and researchers, Slack chat data between researchers, and emails sent between the
participant and researchers, as well as between researchers. Collaborating with 3 other researchers in my
lab, I conducted a reflexive thematic analysis from these data to develop contextual and experiential themes
[192;[159;193]]. I also quantified some of the topics that occurred in the G-Chat to analyze the predominant
uses for text-based communication between the participant and researchers. Finally, I assessed the learn-
ings from the thematic analysis and the quantitative measures, and formulated a set of recommendations for
future studies in neurotechnology translation. These recommendations are intended for research students.
They are specifically geared towards people who are primarily or solely trained in quantitative methods or

who have been exposed only to a single research paradigm, particularly that of positivism.
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4.3.2 Researcher Assumptions

Below, I relate the explicit beliefs I held and preferences I activated prior to designing my study.

I believe that knowledge is created, as well as discovered. Existence and occurrence of patterns can be
important; however, meaning is particularly influential for developing and interpreting salient themes.

A critical orientation can offer interpretations of meaning beyond what is explicitly communicated by par-
ticipants (i.e. experiential orientation). For this exploratory study, I chose to include both.

I chose to emphasize an Inductive Analysis, which is a type of analysis that uses open or initial coding
without providing a predetermined list of topics in this exploratory analysis [193]].

As stated by Braun and Clarke [159]], I believe that subjectivity can be an asset, rather than a threat to be
contained. This is appropriate within the methodology I applied during this work, including the reflexive
thematic analysis method, and my epistemological belief that knowledge can be both discovered and created.
Thus, my subjective experience I bring to this analysis is not a "free for all", but rather in-line with the

described methodology [192].

4.3.3 Data Collection
Exit Interview

At the end of the project, I conducted an exit interview with the participant by video call, due to the geo-
graphical distance between parties. The interview was conducted in one sitting, and lasted for approximately
1.5 hours. The interview began with an unstructured discussion reviewing the work that has been produced
during the course of the study. This was followed by a semi-structured discussion guided by a set of ques-
tions that I composed [A.4]

Unstructured portion of the exit interview: Our goal with this portion was to express our appreciation

for the participant by sharing what their efforts had helped make possible. The participant was invited to
have an unstructured "debrief" discussion, where we reviewed some of the research outcomes in figures
from some of the project’s publications.

Semi-structured portion of the exit interview: The primary objective of this portion was to understand

how the participant’s life was impacted by participating as a research subject in an at-home 2-year study so

that ultimately researchers in the field can a) investigate how the experiences of research participants can
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be improved in future studies, and b) explore ways that researchers can improve their research outcomes.
Prior to conducting the exit interview, I asked the research team what questions they might have regarding
the participant’s experience beyond what our reviewers had asked. Questions asked during this discussion
included:

How did the participant experience communication with us during the 2-year study?

Did the participant feel sufficiently supported when doing research?

Did the participant feel pressure to do more than they wanted, and did they want to do more or less?

Were we sufficiently accommodating and flexible to the participant’s needs?

What changes would they like to see if they participated in similar future studies?

Following guidance from the BioDesign course taught at Stanford University [194], I chose a simple 4-
step interview framework, and limited myself to five pre-formulated questions (A.4)) to give time to discuss

additional topics that might emerge organically during the interview.

Field Notes

Field notes are a data modality frequently used in fields such as ethnography and life sciences to provide
relevant context to collected data. Because we did not plan to collect this data type at the start of the project, I
retroactively gathered context from different sources recorded throughout our project. This included 2 years
of G-Chat conversations between the participant and researchers, 2 years of Slack conversations between

researchers, and emails between researchers and between the participant and researchers.

4.3.4 Data Analysis

I manually transcribed the exit interview, and no software was used for analysis.

Reflexive Thematic Analysis

I selected reflexive thematic analysis to analyze the data. General thematic analysis is one of the most
established and approachable tools for conducting qualitative inquiry. Thematic analysis is based off of
codes, which can be viewed as the “critical link” between data collection and their explanation of meaning.

[193]] defines a code as:
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"[...] most often a word or short phrase that symbolically assigns a summative, salient, essence-

capturing, and/or evocative attribute for a portion of language-based or visual data."

Codes are analyzed through the use of extended phrases or descriptions, rather than shorter codes [193]].
Specifically I chose Braun and Clarke’s [[192] reflexive thematic analysis for developing themes from the
code-book. Notably, Braun and Clarke view the analyst’s subjectivity as an asset during theme development,
and emphasize active development of themes, rather than passive discovery of themes [159]. For this, Braun
and Clarke suggest that a reflexive thematic analysis is incomplete if the themes are readily apparent from a
cursory reading of the data, and that well-developed themes are constructed through repeated and iterative
cycles of critical reflection [[192]. I chose this approach for two reasons. First, I am particularly positioned
to leverage a critical orientation for interpreting meaning when analyzing a single interview. Relying on an
experiential orientation may be more appropriate for analyzing a series of interviews conducted across the
duration of a study. Second, I have experience from a researcher’s perspective in designing, building and
remotely maintaining a prototype system, which is useful for developing salient themes for future work in

neurotechnology translation.

First Cycle Coding Process

I recruited two graduate students outside of the original study team to assist in independent coding for
the thematic analysis. We independently performed a first cycle of coding following the Initial Coding or
"open coding" approach. Initial Coding is an open-ended approach to reviewing the collected data for the
first time. Data is broken into discrete parts and examined to identify similarities and differences and to
allow the researcher to reflect on the contents [[193]]. We broke the transcript up first by speaker, and then
by sentences within the speaker’s sections. To encourage open exploration of any salient findings, we did
not begin with a starting list of topics; however, I shared with the graduate students the reviewer questions
from the review cycle of [98] (see [A.I). During this stage, I encouraged the graduate students to tag or
assign codes to any portions of the text that stood out to them and to write an accompanying reflection
memo. Reflection memos are a way to critically reflect upon what we see in the data, and in turn they
become meta-data which can also be coded in subsequent coding cycles [193]. We next met to discuss

our preliminary findings, and to answer questions the researchers had regarding the context of the original
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Figure 4.2: Two Years of G-Chat Activity: The amount of G-Chat messages sent between the participant
and researchers was largely symmetric. The average time between messages was 5 hours (horizontal purple
dashed line). The light blue shaded regions represent times that the participant recorded data from multiple
streams including neural, smart watch and video data. Wider rectangles represent a range of dates where
data collection efforts were actively ongoing to support specific experiments, and thin lines represent single
full-day recordings. The vertical red line marks the day the platform ecosystem was first installed.

study. We performed a second independent round of coding, and again met to discuss our findings and the
codes we had generated. I recruited a third student who performed an additional independent round of Initial
Coding, and we met to discuss and compare their findings with the previously identified codes. From these
discussions, I integrated the four sets of codes into a single code book [A.5] I do not calculate an inter-rater
reliability score of the codebook, as it was created through independent cycles with multiple researchers for

the purposes of enriching critical reflection and theme development, rather than establishing passive findings
[192].
4.3.5 Field Notes Analysis

* G-chat: I analyzed 2 years of G-Chat communications between the participant and researchers.

— Quantifying patterns: I first identified the mean duration of time that elapsed between messages

sent (Figure [4.2). To find topics of conversation, I first segmented messages into discrete "con-
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versations”. A new conversation "begins" when the cosine-similarity of a message is less than
0.7 compared to the previous n-messages, and if a message was either sent more than 5 hours
after the previous message (5 hours is the mean time gap between messages), or if a message
started with a standard greeting that included the participant’s name. I then manually identified
keywords or phrases in the segmented conversations and grouped these by topic (Figure [4.5).
Finally, I labeled conversations that contained one or more keywords with the corresponding

topic.

— Identifying context: Based on discussions I had with the graduate students during the first coding
cycle, I manually selected relevant phrases that provided context to portions of the exit interview

and included these for later iterations of the first cycle and for the second cycle of coding.

 Slack channels: Slack data was exported and manually reviewed by myself and one of the graduate
students. Relevant information that gave context to portions of the exit interview were selected and

included in the text data during the second cycle of coding the exit interview.

* Emails: These were manually reviewed by myself. Relevant information that gave context to portions
of the exit interview were selected and included in the text data during the second cycle of coding the

exit interview.

Second Cycle Coding and Theme Development

To help ensure that themes were fully developed, I first utilized Strauss’s paradigm for axial coding to
develop the transition from codes to categories [195]. Axial coding explores how codes and categories are
interconnected, and is often used as a method during Second Cycle coding [[193]]. Strauss’s paradigm for
axial coding uses six sub-categories to explore when constructing categories: phenomenon, causal causation,
strategies, consequences, context, and intervening conditions [[195]]. Upon following this paradigm, I refined
initial categories through discussions with two of the graduate students who participated in the initial coding.
Through multiple rounds of critical reflection and group discussions spread across 4 months, I developed 4

themes and 8 subthemes which structure the results below (Table [4.T)).
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4.4 Results

While pre-determined questions were posed during the course of the interview [A.4] several ad hoc questions
were explored by both sides during the conversation. The unstructured portion of the interview occurred
first, which led to several discussion points from this portion also being discussed during the semi-structured

portion. These dynamics yielded a rich dataset to explore.

4.4.1 Theme 1: Problem-solving at home to simplify everyday life

I asked the participant to share what their day-to-day experience was like since living with DBS and all its
accompanying technology, as well as what their main challenges with DBS are. I also asked if they or their
family experienced changes in their daily routines after the system was installed, and what their experience
during data collection was like. From the discussions that followed, I learned that the participant frequently
utilized their ingenuity as a means of reducing the complexities added to their daily life. These sources of

added complexity include receiving DBS therapy and conducting self-guided experiments at home.

DBS technology: One source of complexity inherent to living with DBS is the need to regularly monitor the
implanted neurostimulator (INS) batteries, ensuring that stimulation is delivered without interruption. The

participant noted:

I've learned to not have both [sides] go out at the same time, cause that’s really

bad.

Rather than regularly checking the implanted INS battery levels on both sides of their body however, the
participant developed a method where they only fully charge one side at a time. When the remaining side
runs out of charge, that same side of their body becomes stiff and serves as their notification that it’s time to

charge that side. When asked whether this was a main challenge, the participant shared:
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Table 4.1: Themes from Reflexive Thematic Analysis

Theme 1: At-home problem solving to simplify
everyday life

Example

Subtheme 1.1: Gamifying

gamified to facilitate conducting experiments
in shared family spaces

Theme 2: The Mismatch Effect: The Costs of
Structuring an at-home aDBS for PD study as a
traditional clinical study

Subtheme 2.1: Theory vs Reality of Collecting
Clean Data

"choice I had to make...never sure what to do"

Subtheme 2.2: Theory vs Reality of Participant En-
gagement in Research

Created experiment guide, generated insights
and solutions, felt ownership/responsibility,
and much more....

Subtheme 2.3: In-house tech support required

researcher statement of "you’re not obligated
to help" did not match with participants
frequent assistance of tech support per re-
searchers frequent requests

Theme 3: The affects of When, Where and How
on What gets communicated

Subtheme 3.1: Insights from Chipotle: context and
conditions for effective communication

nervousness, minimized frequency, didn’t
want to burden

Subtheme 3.2: Researcher uncertainty regarding
how to communicate with the participant

chipotle annecdote, alll the things in interview

Theme 4: Who is the Person in Personalized
Medicine?

Subtheme 4.1: Needs, preferences and treatment
priorities

Missed their preference for comms channel,

Subtheme 4.2: An adaptive "normal": The Missing
Expert in receiving DBS, living with PD, and being
a person in "Personalized Medicine"

didn’t consider disability when designing exp
tasks
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it sounds ridiculous, but it’s not so bad to be frozen on half your body, and if it
was bad enough I would actually set a schedule and try to remember to check
the batteries...but I just don’t think about it. I don’t think it even counts as a

challenge because it’s easy enough and I just let it run out.

For this case, their method of using their body as a charge-reminder gives them one less thing they have to
proactively keep track of.

Another battery-related complication was the charging efficiency in the right-side battery. It continued
to charge with poorer efficiency compared to the left-side, and compared to it’s performance when it was
first implanted despite the participant trying to swap out some parts. The participant shared that they worried
about the situation becoming worse.

An additional source of complexity comes from the number of individual pieces of hardware that make
up the platform ecosystem. There are multiple components to keep track of and, for many of them, to keep
sufficiently charged for data collection (e.g. two smart watches and their corresponding smart phones). To
ease this burden, the participant shared that they built a shelf in their home office where they conducted
experiments to store several of the smaller pieces of hardware. They utilized velcro to keep some of the

pieces securely in place.

Conducting self-guided experiments at home: In the two years that the platform was deployed to their
home, the participant frequently conducted experiments while streaming data from the INS system, smart
watches, and videos. The experiments were some set of pre-determined movements that were usually done
on one side of the body at a time, and all the movements were repeated while the participant’s stimulation
amplitude was set at different levels. Some of the experiments required alternating between the left and
right sides up to 45 times. To ease the process of remembering all the tasks and times to switch sides, the

participant created an experiment guide that they had created for themself 4.3}
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I made a thing that was like a slideshow; there was (sic) the delays and the
waits and the taps. Like I made a thing about this!

To remember left hand right hand, all the motions.

In identifying and then fulfilling their need for an experiment guide, they simplified the experiment
process by removing the need to consciously track task switches or body sides. Additionally, they reduced
the likelihood that an experiment would have to be re-done should they forget any part of the experiment.
This is not a trivial benefit. During the last experiment of the study, researchers aimed to record across 12
days. However, due to various mishaps that occurred, the experiment was done a total of 32 times before we
were able to acquire 12 days without any issues. Due to a multitude of technical and personal factors, on both
the researchers’ and participant’s sides, those 32 days were spread out across 7 months. While most of the
20 discarded days were due to problems other than the participant forgetting a task on some side of the body,
any means of minimizing the number of times that an experiment has to be repeated is highly valuable. This
saves time, money and other things more difficult to measure, such as fatigue or frustration from needing
to continually re-record. Creating an experiment guide was a simple strategy to improve the chances of
successfully recording an experiment, and the participant identified and took initiative to implement this.

Because the participant was made aware that having multiple people in videos created ambiguity for the
pose processing software (Open Pose), they endeavored to keep the area they did experiments in clear of
other people. During the interview, they shared a joke they had with their family that helped to facilitate

this:

as far as schedules it was fine, just tell everyone to stay out of the hallway or
you’ll get OpenPose’d.
It was fun to threaten them that if they came near they would get recognized as

another person instead of me.
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ready:

@ index-thumb finger tapping right
rest

@ index-thumb finger tapping left
rest

@ index-thumb finger tapping right
rest

@ index-thumb finger tapping left
rest

® index-thumb finger tapping right
rest

® index-thumb finger tapping left
rest

@ index-thumb finger tapping right
rest

Figure 4.3: Participant-Created Guide for Conducting Self-Guided Experiments: This is an example
from the experiment guide that the participant created. The slideshow walks them through switching to a new
task or side of the body at the precise times given in the experiment protocol. This alleviates the participant
from needing to manually keep track of this while doing the experiment, and increases the likelihood of
successfully completing an experiment.

Subtheme 1.1 Gamifying

I use the word gamify to reference a phenomena that occurred repeatedly throughout the interview, where
the participant would frequently make a game out of tasks or situations in various contexts.
One example was their use of the concept "recharging your shields" in a video game they play with their

family. The participant uses this phrase to refer to when they are recharging their INS battery:

that’s what I call DBS recharging in the house, just recharging my shields.

Using a reference to a game played by their family is a clever way to bring levity to the increased
complexity added to their daily life, and a way to bridge the lived experience gap between themself and
others who do not have PD.

In another example, they "gamified the game" when doing experiments for a different concurrent study
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that involved periods of waiting for a screen to change. This task was described as being "boring as hell",
so they learned the number of seconds between screen changes and took a short nap in the interim. We
discussed ways to try and improve the experience. The participant suggested a speed run where the person
has to race through a task and they could see their runtime. This suggests that having some score or indicator
of performance could be used to gamify the experience. From finding ways to do experiments in common
living spaces, to gamifying the routine of being down while charging batteries, to making a game out of a

boring experiment ’game’, the participant frequently utilized gamifying.

4.4.2 Theme 2: The Mismatch Effect: The Costs of Structuring an at-home aDBS for PD

study as a traditional clinical study

This theme considers the impact of study design and underlying research paradigms in shaping our project.
There isn’t a single definition for a clinical study, and there are many ways to do so. By "traditional clinical
study"”, I mean research practices that are commonly followed in the majority of the clinical research, such as
excluding participants from the research and design processes to facilitate blinded experiments with minimal

bias [[1255 [156]].

Subtheme 2.1: Theory vs Reality of Collecting Clean Data

As previously noted, a fundamental tenet of modern science is the importance of collecting "clean" data
that is as free as possible from bias or other sources of "noise." While reviewing a figure of kinematic
assessments of movement quality (see Figure [3.3]in Chapter [3)) in [99] during the unstructured portion of

the interview, the participant recalled their experience performing the wrist-rotation task representecﬂ:

participant: That was a choice I had to make, and I was never really sure what
to do. The instructions always [said] go as fast and as far as you can.
researcher: Can you say that again, one more time?

participant: So it was a trade-off [...], if 'm limited motion I could, you know,

3Instructions for performing the experiment tasks were relayed to the participant in an experiment protocol document that the
researchers wrote and sent them via email. An example protocol can be seen in the Appendix@
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do what it takes to sort of get to this point, and then do what it takes to get it
back, and then try to maintain the [top] speed [...].

researcher: But not both, you can’t do both, probably.

participant: Right, so when movement is limited, you could have told me to
[...] always hit 180, whatever it takes, as fast as you can, but definitely hit
the [extremes]. Or, as fast as you can [...] for 20 seconds. So there’s a bit of

freedom there that...I’'m sorry.

The participant also relayed their uncertainty when conducting the finger tapping task:

When I'm in limited motion, putting these [middle, ring and little] fingers to-
gether, and treating [them] like 1 big finger, made it easier. If you’d said queue
the fingers up, and only do the index down, that would have been different from
me choosing whether I could do that, or whether I had to gang them together.

There’s a little bit of choice in the finger-tap, big choice in the [wrist-rotation].

In following up on this surprising discovery, I found that the participant did not recall which choice they

ended up making during a given experimental recording.
The one task that was not directly taken from the UPDRS was a nose-tapping task inspired by prior work

assessing movement "smoothness" to differentiate between voluntary and Parkinsonian bradykinesia [[196].

Notably, this was a task the participant mentioned was free of ambiguity:

It doesn’t come up so much with nose taps [...] that one’s clean. That one

doesn’t have this ambiguity.

A notable factor is at play here: a task designed and articulated by someone without PD may not be

understood or executed by someone with PD in the same way that the designer intended it to be. Indeed,
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the designer may not be aware of such trade-offs to be able to account for this, whether in the task design or
in the instructions for doing the task [[18]]. While most of the tasks we chose replicated those in the UPDRS
rating system [53]], these tasks were designed to be performed under clinical observation rather than under
self-guided contexts. By not including the participant in our processes of designing, and later writing,
experiment tasks, we did not account in our written instructions for the trade-offs that they confronted when
performing experimental tasks when "in limited motion".

A natural question arises of why the participant did not convey their uncertainty to the researchers at
some point during the study. Communication channels existed between researchers and the participant,
including email and G-Chat, yet it did not come to light until the exit interview. We reflected together on

this later in the interview:

researcher: [ guess I'm kind of thinking chatting with you now that it would
have been helpful, even for me, to maybe hear how things were on your side
a little more regularly cause you had some questions [...] on your end that we
didn’t know you had, like the ambiguity of the movement for example.
participant: Yeah why didn’t we talk about that, I don’t know, sorry.
researcher: Why didn’t we? I didn’t even think of it, but I think...some means
of like, getting a more regular check in, could be useful.

participant: yeah its embarrassing that, why didn’t I come up, maybe if there
was [...] a protocol debriefing meeting [...] all together and I make sure you’ve
explained how many seconds you want between repetitions here |[...] follow up
on what’s ambiguous in here. If someone had asked me, what’s ambiguous in

here, I would have spoke.

The participant notes something important: had researchers asked them what was ambiguous, potentially
in the context of a "protocol debriefing meeting all together", they "would have spoke". This suggests that
there are some necessary conditions for effective communication to occur, as discussed in the previous

theme. It is also worth remembering that natural human language, whether written or spoken, is often rife
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with ambiguity. Ensuring that the intent of the speaker or writer is actually understood by the listener or
reader is not a trivial task. In other words, even if we had tried to account for the trade-off in our experiment

protocol, it’s still possible this would not have come through in our writing.

In reviewing field notes, I encountered the following conversation between a graduate student researcher

and one of the PIs:

researcher: We’d [the graduate student researchers] like to have an informal
chat with the patient to get their thoughts on how to make the recordings as
pleasant as possible, given that the November 2021 week was challenging for
them to complete.

PI: Before we propose new stim recordings to patient let’s please discuss inter-

nally and agree timeline/protocol.

Ultimately, a decision was made to solicit the participant’s input through the research coordinator, which
could then be relayed to the rest of the research team, rather than through an informal group chat. In this
instance, we learned that the most annoying task for the participant was the finger tapping task, however we
continued to include finger tapping in our experiments. Ultimately, that relayed piece of feedback did not

impact how researchers designed experiments.

By adhering to common practices of clinical research such as limiting interactions between participants
and researchers, and not including participants in discussions about the research design or process, we
missed opportunities to learn what the necessary conditions were for facilitating clear and effective com-
munication. This in turn led to missed opportunities to learn about different contexts that impacted the
participant, including their divergent abilities to perform tasks when symptoms are present, and their uncer-
tainty for how to interpret our written instructions. Ultimately, by keeping the participant separate from our

research and design processes, noise was added to some of the data that we collected.
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Subtheme 2.2: Theory vs Reality of Participant Engagement in Research

No specific questions were asked regarding whether the participant engaged in knowledge discovery or cre-
ation. Certainly our project, in following general paradigms of traditional clinical research, was not designed
for them to participate in the research process beyond their conducting experiments and providing direction
for where to install the platform ecosystem. Regardless, throughout the interview as well as in various
sources of field notes, I learned that the participant demonstrated engagement in many different ways. I
developed this subtheme around the different ways that the participant demonstrated their engagement in
the research process.

Engaging in knowledge creation: The participant demonstrated tangible engagement when creating the
precisely timed experiment guide (Figure [4.3) described earlier. This lessened their mental overhead of
needing to remember the timing for when to switch between tasks and body sides. It also reduced the chances
that an experiment would need to be re-recorded in the event that some part of it was forgotten, which directly
impacts time, resources and financial costs for research studies. This contribution ultimately highlights the
need for such an experiment guide, which was not something researchers initially had conceived of in our
design process.

The participant made a similar contribution in the early stages of the study regarding network security
of the deployed platform. On the day of platform installation, the participant shared their preference for
utilizing a VPN for remote data collection. This was not implemented in our initial platform designs. The
participant recommended a state-of-the-art VPN protocol and shared sketches with researchers to aid in
updating our platform design to better suit their security needs (Figure {.4). Here, the participant actively
contributed to the design process alongside the researchers.

Engaging in knowledge discovery through dialogue: Several insights were gained from talking with
the participant, who readily engaged in discussions over the course of the interview. Perhaps the most
surprising discovery was the previously mentioned ambiguity in the experiment protocol and its subsequent
implications for our research outcomes. Prompted by this finding, I asked what other tasks or movements,
free from the trade-offs in movement ability experienced during symptoms, might align with the participant’s
daily activities to help transition aDBS from controlled experiments to everyday life. The participant shared

that they experience regular difficulties with balance:
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Figure 4.4: Participant-designed VPN Wireframe: During the initial installation of the platform ecosys-
tem, the participant asked us to update our design to include a VPN to increase network security to better
protect their privacy during remote data transfers. They suggested a state-of-the-art open-source VPN pro-
tocol and created a wireframe potential design showing data-flow. Researchers adapted this during later
iterations to eventually arrive at the design shown in Figure @

Every time I go down the stairs...I’m grabbing walls and leaning on them. 1
wonder whether I just blanket that [wall] with cameras. Losing balance is a
big deal [...] It’s hard to picture an aDBS that figures out that I'm about to fall
[...] in time to catch. What’s funny is that if you got all my [stair climbing], one

could predict when I'm going to lose it.

Building on this, the participant suggested an experiment to study their balance in a setup similar to

something they experience in everyday life:
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participant: As an experiment, you could place kids toys around the room in a
certain arrangement and have me walk through them. That’d be very realistic.
researcher: my dad would call them ’landmines’: you come down the stairs in
the morning, and you’re groggy, and you don’t see it, and you step on a lego.

participant: A lego test.

In this conversation, the participant brainstormed an idea for building a prediction model for when they will
lose their balance using video data, and an idea for an experiment that closely matched a routine experience
in their everyday life.

Further, during the discussion about the participant’s experience living with DBS and its accompanying

technology, they described a circadian experience of becoming more slurred in their speech every evening:

Later in the day, I get quieter and quieter. Too quiet, or too slurred. I could

usually fix it, if I focused a lot, but it’s kind of everyday.

This contributed insights into a routine symptom that they experience and a future research direction that
could be explored when trialing new aDBS algorithms. Their ability to correct this symptom if they focus
suggests cortical changes from increased focus or attention as another potential biomarker [[197; 198} [199]].
Engaging through a sense of ownership and agency Another way I evaluated the participant’s engagement
is through their expressed sense of ownership and responsibility for the study and the research process.
Throughout the interview, the participant frequently made statements framed with "I" or "we". To make this
clear, I highlight in bold text the places in direct quotes where this framing occurred.

For example, when I asked the participant about their experience communicating with researchers during
the interview, they recalled searching through their email when researchers emailed them multiple versions

of an experiment protocol that required a correction or adjustment to be made:
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there were [...] multiple word doc versions sent in email, and it was hard to find
the right one. There’s the procedure, and [...] exceptions to the procedure, and
remember those, and fold those in. I think we could have done better with a live
document and edit, or I could put in notes of stuff that I need to remember. The
old fashioned notion of write the protocol and give it to patient was sometimes

limiting.

Prompted by this memory, the participant shared they had wanted to make it easier for the researcher
who needed to slice relevant portions of the data. To facilitate this, they watched the clock on time.gov when
starting an experiment to ensure each experiment block started precisely at the top of the half hour. They

added:

we, I, someone, certainly could have made...a really regulated timer.

Interestingly, I had noticed this precision of time deltas between each task in the experiments; however, since
I did not know that it was intentionally implemented by the participant, I could not leverage it to expedite
data processing.

When reviewing field notes, I found an occasion where the participant took the initiative to adjust their

approach to a typing task for a newly begun experiment:

participant: I also decided to fix all errors and make a good copy, which 1

didn’t really do on the past round. So you should get legit backspace behavior.

We again see this phrasing when we discussed the ambiguity in the written experiment protocol:
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...why didn’t I come up, maybe if there was...a protocol debriefing meeting...all
together and I make sure you've explained how many seconds you want be-
tween repetitions here...follow up on what’s ambiguous in here. If someone had

asked me, what’s ambiguous in here, I would have spoke.

When sharing their creation of the experiment guide, they state:

I made a thing about this!

Even when describing an experience where an error was made during an aDBS experiment that the

participant was not in control of, they expressed shared responsibility:

We turned it up too high.

The participant demonstrates a strong sense of ownership in the process of research, a sense of collab-
oration with the researchers, taking initiative when creating the experiment guide, and adjusting how they
performed a typing task. The participant took responsibility both for their actions and in describing an error

they had no control over.

Engaging through questioning I further evaluate engagement through how often the participant conveyed
curiosity about the purpose and value of research process activities. The participant frequently expressed
that they had wondered how the research was going, if the things they were doing were useful, and the
purpose of certain design decisions. This occurred so often throughout the interview that one researcher

wrote reflection memos about it that later became part of our codes:

* [participant] seems to be guessing as to study design points.

101



1204 Conversation

Initiator
W researcher
100 B participant

Conversation Count

Figure 4.5: Topics of Conversation in G-Chat: Individual messages from 2 years of G-Chat activity
between the participant and researchers were divided into discrete "conversations" based on whether the
cosine-similarity of a message was less than 0.7 compared to the previous n-messages, and if a message was
either sent more than 5 hours after the previous message (5 hours is the mean time gap between messages),
or if a message started with a standard greeting that included the participant’s name. Topics were identified
by parsing keywords and phrases from text that I selected after manually reviewing the de-identified text
data. Topics are only represented once per each conversation category in which they occur; however, a
conversation is represented as many times as there were unique topics in it (e.g., a conversation on requests
and tech issues would appear once in the requests bar and once in the tech issues bar). The predominant
conversation topic was technical issues, the majority of which were initiated by researchers.

* Humans will try to “play by the rules” — or, if co-designing, will help you achieve your

stated goals.

From contributing directly to research outcomes to expressing strong ownership, responsibility, and
curiosity about the research, as well as readily engaging in brainstorming future experiment ideas and offer-
ing insights into aDBS feedback signals, the participant was exceptionally engaged in many aspects of the

research process, despite the project not being intentionally structured to facilitate this.
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Subtheme 2.3: In-house tech support required

The final subtheme reflects the need for someone in the home to engage in tech support. In various ways,
in-person tech support was needed frequently throughout the study, particularly for the smart watches and
the application that streamed watch data. The most common conversation starter in G-Chat focused on
requests by researchers asking the participant to do something, and the second-most common focused on
technical issues (Figure [4.5)). Technical issues included restarting smart watches, unpairing and re-pairing
devices connected to Bluetooth, replugging a loosened ethernet cable, etc. Short of a researcher visiting a
participant’s home every time a technical issue occurs, such actions will fall to someone living in the home.
That was certainly the case in our study, where the participant actively and personally engaged in various
kinds of in-home tech support.

Interestingly, I encountered the following statement from a researcher to the participant in G-Chat about

one year into the study:

You aren’t expected to help us troubleshoot anything but please let me know if

it gets stuck again.

While this sentiment certainly adheres to the traditional model of a clinical study, it differed greatly from

the reality of our study.

4.4.3 Theme 3: The effects of When, Where and How on What gets communicated

There are many ways that the contexts of communication influenced what was communicated, and ultimately

created different effects in our project.

Subtheme 3.1: Insights from Chipotle: context and conditions for effective communication

In field notes, a researcher shared this experience with the participant:
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I had a serendipitous encounter at Chipotle last night... Ran into [the] partici-
pant...who had grabbed my burrito from the pickup shelf. Got to chat with them
for a while outside the tumult of a child-filled home and had a really good con-
versation. I made everything clear about what we are hoping to collect in the
near term, and learned that their concern has been primarily over the long days
spent in group A (though the active experiments also take a bit of a toll). They
were very receptive...and said that they would collect the move-aDBS dataset

ASAP.

Similar to the conditions for when I learned about the ambiguity in the experimental protocol, researchers
learned about some of the participant’s concerns regarding different types of recordings for data collection
when conversing in person and when the participant’s children were not present. In these examples, there is
a pattern where relevant insights arise under certain conditions, such as during uninterrupted time or through

a face-to-face communication medium.

Subtheme 3.2: Researcher uncertainty regarding how to communicate with the participant

In Slack field notes, some researchers expressed uncertainty regarding how to communicate with the par-
ticipant at various points. They expressed concern that they might cause the participant annoyance or a
feeling of being burdened if they communicated or requested assistance too often. I expressed this the
most frequently in field notes, partly because I had the most interactions with the participant apart from the
UCSF-affiliated researchers.

In a discussion about the difficulty of implementing 3D pose, one researcher relayed that the participant

offered to help with the code. Another researcher responded:

That’s awesome. I thought about suggesting this, but felt like it might be over-

stepping to ask them.

104



A third researcher added:

I've never met the participant and have no idea how the dynamic feels. I feel

quite embarrassed to let the participant help with our work

Halfway through the study when UW obtained IRB approval for direct interaction with the participant, I

made a request to one of the researchers to try to remedy my own sense of uncertainty:

maybe you and [research coordinator] can briefly share any "guiding princi-
ples" we should keep in mind when interacting with the participant, now that

we have that part of the IRB taken care of?

In the field notes from early deployments, I mention:

I worry that if I’'m [...] restarting the app or whatever, it will weird them out

potentially (should they notice it affecting the monitor or something).

At other times, I conveyed a sense of hesitation through the following phrases:

This is the first project where I've ever even slightly interacted with a partici-
pant so I'm still tip-toeing around so to speak.

So excited/nervous to have the participant join us for the retreat, what an awe-
some idea.

Do you think I should start emailing the participant directly? IRB-wise I know

that its ok now, but I just wondered if that would be helpful or more confusing
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to have too many points of contact?
Do you think sending text on a separate page for each day is good, or too an-

noying maybe...

In this subtheme, I highlight a few factors effecting communication. First, having never worked with
human participants before, or having never spoken to this particular participant, researchers experienced
uncertainty about interaction dynamics with the participant. Second, researchers experienced uncertainty
about what is appropriate to ask of participants, such as the idea of the participant working on problems
assigned to the research team. Discomfort at this idea was expressed, which is not surprising since it is far
from standard for a participant to take an active role in the research process. Concern was also expressed
about disturbing the participant with unexpected activity from researchers working remotely at unusual
times of the day on devices in the participant’s home. Notably, the UW-affiliated researchers did not have
any direct access to the participant until halfway through the study. This sudden change was unaccompanied
by any formal guidance on how to navigate this adjustment. Though all researchers who conduct research
involving humans are required to take basic training, content is limited to topics surrounding informed
consent and privacy for protected health information.

Nowhere throughout the field notes did anyone suggest asking the participant about their communi-
cation preferences. In hindsight, this seems a simple solution to reduce uncertainty regarding preferred

communication practices.

4.4.4 Theme 4: Who is the Person in Personalized Medicine?

I developed this theme to address the consequences of the participant not having a clearly determined role

in our research study and instead assuming unofficial roles.

Subtheme 4.1: Needs, preferences and treatment priorities

I developed this subtheme around the role of a stakeholder or end-user. While there is no formal definition
for a stakeholder, in clinical research or otherwise, generally stakeholders are people who have something

to gain from the research that is being done, or have some "stake in the game". Exactly what it is that
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stakeholders need, prefer or prioritize is generally what informs the requirements of a research study. Thus,
it is important to know precisely what stakeholders’ needs or goals are when designing a study. During
the interview and in reviewing field notes, I encountered some of the participant’s needs, preferences, and
priorities for treatment that were unidentified, misidentified, or else identified but not pursued during the
course of the study.

Treatment priorities:

A researcher priority was capturing the bradykinesia symptom by measuring the participant’s speed and
velocity during experimental tasks. We focused on this symptom since it is one of the cardinal symptoms
experienced by many people with PD. It was also an appropriate choice because the participant in our
study experiences bradykinesia when their stimulation amplitude is too low, and when their stimulation is
set to their preferred amplitude this symptom is reasonably well-treated. This was not the case with their
symptoms related to balance, as I discovered. While the participant reported falls a couple of times in G-
Chat, it was not until the exit interview that I learned more about how balance issues were a "big deal" for
this participant. While treating balance issues from PD was not in-scope for our project, future at-home
aDBS studies may find contextual relevance in learning what the main concerns of participants are.
Preferences:

During the interview, I learned about the participant’s communication preference for using G-Chat rather
than email for ad-hoc communications with researchers. While the research coordinator frequently com-
municated with the participant through G-Chat, email was also regularly used such as when sending the
participant experiment protocols, or when communicating during the platform installation. The participant

also shared their preference for receiving their experiment protocols:

I think we could have done better with a live document and edit, or I could put
in notes of stuff that I need to remember to do. The old fashioned notion of write

the protocol and give it to patient was sometimes limiting.

In reviewing field notes, I also learned that the participant always recorded the time they took their med-

ication on their phone but not always in the smart watch application or other digital portals that researchers
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could access. The participant already had their own system using their personal phone that they preferred to

use.

Later in field notes, researchers relayed that the participant requested an update to the camera recording
application to enable them to directly adjust the video recording schedule, rather than having researchers
update this whenever the participant relayed their needed scheduling updates. While this was an initial goal
of our research plan, it was not prioritized and ultimately it was not implemented during the course of the

study.

Needs:
We discovered the need for a timed experiment guide only by the participant creating one. Since this was an

unidentified need, addressing it was not a part of the research agenda.

In various ways, the needs and preferences of the participant were sometimes unknown, misunderstood,

or simply took a backseat to other priorities.

Subtheme 4.2: An adaptive '"normal'': The Missing Expert in receiving DBS, living with PD, and

being a person in ''Personalized Medicine"

Throughout both portions of the interview, the participant shared aspects of their life that are now a "normal”
occurrence from living with PD and receiving DBS therapy. An example of this is their daily experience
of speech changes at night. While this can usually be corrected if the participant intentionally focuses on
it, their note that they become quieter suggests that the focus required to overcome it is sufficiently difficult
such that they sometimes choose not to.

Another routine occurrence is the approximate 2-hour period of down time while the participant is
recharging one of their INS batteries, which occurs every 1-2 weeks. Their strategy to let their body alert
them to the need to charge the INS battery by becoming half frozen is itself an experience that someone not
living with PD or DBS therapy would experience.

DBS sensations are also a regular experience. When discussing their method for knowing when to

charge their INS batteries, they described the sensation, as well as the difficulty of articulating it:
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participant: when you go from a dead battery to recharged, there’s just one
side of the body tingles.

researcher: Something probably most folks haven’t experienced.

participant: It’s a little hard to explain. We need to finally give DBS to a poet

to properly express what it’s like.

The participant’s routine of catching themself against the wall every time they go down the stairs is
another "normal" part of their day-to-day experience.

There are a multitude of ways in which research outcomes could improve if the participant was viewed
as an expert in the research process. For example, if we view them as an expert in living with a disability,
or as experts in how they navigate their home space as a part of their daily routines, it would be reasonable
to seek to learn from them before designing experiments for them to perform in their homes outside clinical
observation. By proactively including their input, we can design experiments that better account for the

unique trade-offs that they experience and thus be better able to interpret the data that we collect.

4.5 Discussion

In this user experience case study, I learned important context surrounding our prior work. I can also answer
reviewer inquiries. In light of these results, I reflect on opportunities to improve future work in aDBS

at-home translation.

4.5.1 On Complexity: It Gets Worse Before It Gets Better

Automating technologies to simplify their implementation can actually make things more complex, particu-
larly when automation is still in development. Automating DBS is a new endeavor, as is translating aDBS to
real-world settings, so I am not surprised to see the "it gets worse before it gets better" phenomenon occur.
However, it is often unclear what constitutes "better."

In the example where the participant describes their method for managing the implanted INS battery life,

I was surprised to learn that "it’s not so bad to be frozen on half your body" and that, for this participant, it
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was preferable to allow this sensation to alert them to the need to recharge the INS rather than preemptively
monitoring battery life. Before having this conversation, I would have assumed otherwise on both counts
and would have further assumed that the participant simply "needed" a "better" battery management system.
While a battery management system could be built where the participant could simultaneously be freed
from needing to actively monitor battery life and from experiencing sensations of being half frozen, it is

also possible that they (or others) prefer a "physical” or "natural” alert system.

The point here is that we cannot know what the participant’s needs are unless we ask. My assumption
that the participant would prefer a proactive battery management system is an interesting example of the
"technology push" and the "need pull" phenomena in engineering and technology fields, where a technology,
however sophisticated, may not actually serve a person’s needs, and thus is not utilized as intended or at all
[200]. This also serves to highlight that for this participant, the priority was reducing the number of things
they needed to keep track of. We see this again when the participant takes the time to build an office shelf
to better organize and track the hardware components they need for data collection, including using velcro
to physically keep components in place. We see it again when the participant takes the time to create an
experiment guide that removes the burden of actively tracking when they need to switch tasks or body sides
(Figure .3). In all of these examples, being able to "not think about it" reduces and simplifies the mental

workload of managing their life and their care.

In moving technologies from research lab to real-world environments, an immense number of contextual
factors need to be considered. One of these is the impact of having many people pass through the living
space. In our case, having multiple people in view of video cameras created a pose-processing difficulty
due to our choice of software. Towards the end of the study, we built software to resolve this. However,
for the majority of the study, it was an unsolved problem. The participant often chose times of day to do
experiments when they were less likely to have other family members passing through their office space,
and they gamified an incentive for family keeping away from their office area when they were conducting

experiments. This, of course, was less feasible on days when we did full-day naturalistic recordings.

Keeping these kinds of dynamics in mind is vital when selecting project tools. It would be prudent to
ask participants if they anticipate or prefer having family pass through spaces where they are engaged in

experiments, which can inform not just the tools that are chosen, but how to better align a system with the
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participants’ preferences to reduce friction points between participating in research and going about daily

life.

4.5.2 Time for a Re-Match: Structuring At-Home aDBS Research
The Wall in the Tower

At the time of this writing, studies deploying remotely maintainable platform ecosystems to the home of a
person with PD are still quite rare, and there are no established practices or specific regulations for how to
carry out such work. For the portions of our study involving conducting experiments for data collection,
we followed practices that are frequently adhered to in the majority of clinical research, such as excluding
participants from actively participating in design processes with researchers [125;[156]. As discussed in the
introduction, such research is dominated by positivist underpinnings.

The irony of having added noise to our data, the very thing positivism seeks to avoid at all costs, by
following the positivist strategy of distancing researcher and research participant, is not lost on me. Should
neurotechnology researchers continue this practice in their future research studies?

Clinical studies endeavoring to demonstrate a proof of concept, such as in our prior work, are occasion-
ally referred to as pilot studies or feasibility studies. Pilot studies are considered an important preliminary
step before an RCT can be safely or effectively deployed. Among other things, they help lay the groundwork
for larger-scale treatment or intervention trials by assessing if the intervention is feasible and identifying the
needs and requirements of a larger coordinated effort [201} 202].

Interestingly, guidelines on best practices for pilot studieﬂ note that pilot studies are not hypothesis

testing studies. Thus:

"No inferential statistical tests should be proposed in a pilot study protocol. With no inferential

statistical tests, a pilot study will not provide p-values." [202]]
And again:

"Quite often the emphasis is wrongly placed on statistical significance, not on feasibility - which

is the main focus of the pilot study." [201]]

“These are best practices for general pilot studies, and do not necessarily refer to the type of in-home study that we conducted.

111



In traditional clinical (and indeed, in all STEM) research, statistical significance has become the holy grail
method for demonstrating a major tenet of positivism: that we can reasonably support a claim of cause and
effect. Overwhelmingly in literature, statistical significance is established by reporting the notorious p-value.
To say that the p-value is considered the "paragon of virtue" for publications across all of STEM research
today would hardly be an overstatement. This persists despite statisticians and scientists alike pointing out
how the p-value is so often incorrectly interpreted and further begging researchers to consider other methods

of demonstrating validity for a quarter of a century [203;[204; 2055 2065 207 208; 1209; 2105 2115 212].

Their pleas have largely been to no avail. Nuzzo writes:

"P values have always had critics. In their almost nine decades of existence, they have been
likened to mosquitoes (annoying and impossible to swat away), the emperor’s new clothes
(fraught with obvious problems that everyone ignores) and the tool of a “sterile intellectual
rake” who ravishes science but leaves it with no progeny. One researcher suggested rechris-
tening the methodology “statistical hypothesis inference testing” [208]], presumably for the

acronym it would yield." [203]]

Nuzzo continues:

"For all the P value’s apparent precision, Fisher intended it to be just one part of a fluid, non-
numerical process that blended data and background knowledge to lead to scientific conclu-
sions. But it soon got swept into a movement to make evidence-based decision-making as

rigorous and objective as possible." [203]]

Our own prior work includes such a p-value, despite its clear demarcation as a pilot study. Clearly, re-
searchers today feel the need to include this statistical "stamp of legitimacy" in their work regardless of the
need for it. I do not suggest that statistical testing has no merit in such studies; instead, I question whether
the emphasis in clinical research is incorrectly placed [213]]. One reason for excluding participants from
engaging in research and design processes, and for limiting interactions between researchers and partici-

pants, is to try to minimize bias in collected data so researchers can generate reproducible statistics. And
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yet, proof-of-concept studies are not only unlikely to be precisely replicable, but replicating their p-values
is not the primary reason that such studies are conducted in the first place.

Following these traditional clinical research practices led to all experimental tasks being selected or de-
signed and documented by the researchers, who in this case were all people not living with PD [18;[200]. We
chose several tasks from the UPDRS as a way to compare novel methods for remotely assessing symptom
severity to the in-clinic gold standard [S5]]. While I maintain that comparing any newly developed methods
to current standard practice can be a useful comparison, we certainly did not need to write out how to per-
form these tasks without including and considering the perspectives of the participant. Furthermore, part of
our prior work is motivated to improve upon the current coarse categorical system by developing new ways
to assess symptoms. Developing continuous assessments of symptom severity and disease progression is an
active area of research. Beyond the results of this chapter, the negative impacts of designing for someone
without them is well established in literature [96;214;[18]]. Preserving the separation between researcher and
research participant will only exacerbate these impacts, ultimately leading to a tangible barrier to neurotech-
nologists learning how to design technologies for people with divergent abilities [18200]. While there is
published work in which such a separation is not emphasized, the majority of this work remains outside of
the places where "mainstream” clinical research is disseminated. Is the existence of this separation solely
due to a "field communication problem"?

From my literature searches, I suspect that research on the "other side" of the wall is not well understood
[L67] and ultimately, deemed not valuable. Certainly, if we see no value in what is behind the wall, why
should we take the trouble to demolish it? Furthermore, if what is behind the wall actually poses a "threat"
to our "objective" discoveries of "reality"”, we are likely to want to preserve this wall. Based on the work
of this chapter, I believe (at a minimum) that investigating and reporting all important aspects for clinical
pilot studies within a single publication is desperately needed. These aspects include including statistically
measurable, non-numerically experienced, and contextually relevant components of studies. Unfortunately,
I cannot state this based on an established body of prior literature since such work remains quite rare. I can
only hope that the research community (including reviewers and editor{]) will consider, based on this work

and the work of others like it [92], that keeping "qualitative" methodologies at bay directly contributes to

One way that editors could help in this area is by increasing the maximum length of papers permitted, since mixed-methods
research or other papers involving qualitative work often require more space.
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neurotechnologists missing essential information such as the context and lived experiences that are needed

for translating their technology into people’s lives and homes.

The At-Home Researcher

I have discussed at length the consequences for research outcomes when preserving the separation between
researchers and research participants, and more generally when preserving separation between "quantitative”
and "all other kinds" of research.

Traditional clinical research considers the role of a research participant as distinctly separate from that
of the researcher. While our study generally followed this distinction, in practice this was often not what
happened. In multiple ways, often without researchers being aware of it, the participant was exceedingly
engaged in various aspects of the research process that are traditionally relegated to the role of researchers.

A vital component for any study is conceiving how it should be designed, and we spent several months
prior to deployment designing our prototype platform ecosystem. On the day that we installed the platform,
we encountered a previously unknown design requirement: the participant requested a VPN to be a part of
our architecture to better ensure privacy and data security. We realized quickly that this was an excellent
design idea, and it has continued to this day to be a streamlined and highly secure pillar of our entire
ecosystem implementation. In this stage, the participant did not merely provide an update to our design
requirements; they also offered solution ideas for implementing this requirement, sketched out wireframe
diagrams to help researchers envision an updated architecture (Figure4.4), and provided technical guidance
upon actually implementing the open-source VPN protocol. Their engagement in this aspect of research was
not only extremely valuable but was far and away beyond what is considered to be the "role of participants".

Of course, it is unlikely that most participants in clinical research will have such specifically relevant
technical insights for a study. Then again, choosing to host and build in a VPN was not on our initial radar,
so we would not have thought to ask about this even had we planned to co-design and co-implement our
architecture with the participant. In other words, we will never know what kinds of expertise and added
value that participants can contribute if we do not interact with them.

Similarly, the participant took the initiative to directly create materials that are advantageous for con-

ducting experiments without mishaps (Figure 4.3). Creating this guide helped minimize the likelihood of
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experiment reruns, which in turn conserves time, money, resources and everyone’s patience during long
stretches of data collection. Importantly, it also has the potential to alleviate the mental overhead of trying to
remember all of this. The participant shared that conducting experiments was "surprisingly tiring". Finding
ways to make this process less taxing is important for participants’ well-being. It also makes it more likely
that participants will have the necessary resources to sustain conducting experiments for longitudinal studies
amidst the rest of their day-to-day life.

We have seen that the participant was actively engaged in research, and that they are in fact indispensable
to the research itself. Given this, perhaps it is not a surprise that the participant also strongly expressed a
strong sense of ownership, responsibility, and agency for this study. Notably, they count themselves among
the research team, and note that the research model, which constrains them to the role of "patient", limits

"our doing better". They capture this with such lucidity that I will simply re-share their words:

[ think we could have done better with a live document and edit, or I could put
in notes of stuff that I need to remember. The old fashioned notion of write the

protocol and give it to patient was sometimes limiting.

There is a contradiction in how the participant was engaged in the research process, while simultaneously
being kept out of the research process. They repeatedly questioned research progress and the rationale for
design decisions, and they attempted to guess our research goals to be better able to support our efforts. Their
phrasing of "that was a choice I had to make, and I was never really sure what to do" when referencing the
ambiguity in the written experiment protocol suggests they experienced a state of perpetual puzzlement that
was never solved, while simultaneously having to guess and "make a choice."

Though some mystery surrounding the goals of an experiment can sometimes be a useful strategy (e.g.
during a RCT or when conducting blinded experiments) I found it notable that the participant seemed to
want to help us achieve our research goals to the point that obfuscating our goals from them did not prevent
them from trying to guess and strive to be as helpful as possible. In this case, it may be important for
researchers to determine whether more "noise" would be introduced into their data by explaining the goal

of the experiment versus not explaining and leaving participants to wonder and try to guess on their own.
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Guessing or trying to be helpful could actually add more variance. The answers to this might very well
depend on the participant and how curious and engaged they are in the first place.

In analyzing a single exit interview and field notes, I learned there are many ways the participant in
our study was highly engaged, in both their interest in the research and through their active participation
in discovering and creating new knowledge. Not only did I gain an incredible amount of insights from
the participant, there are significant aspects to translating technologies into people’s bodies and homes that
we cannot hope to gain without engaging with participants. The chance to conduct this study where the
participant is intentionally considered as an equal partner in the research processﬂ is a lost opportunity I
only wish I could go back in time to experience. I am confident from this work, however, that future studies,
not to mention the people these studies endeavor to support, stand to gain immense benefits by intentionally
and proactively engaging those who living with neurological disorders and use DBS technology in their

bodies and their homes [200; 2145 185 112].

Current Limitations of Telehealth

The majority of conversations in G-Chat were initiated by researchers requesting something from the partic-
ipant (Figure 4.5). The requests were varied, such as requesting a time to meet on video call or determining
an experiment recording schedule. Many of these requests focused on some type of tech support, where
the most frequent technical issue involved the smart watch system we used to capture inertial movements.
The participant wore an Apple watch on each wrist, and each watch was connected to its own iPhone. Each
iPhone had an application installed that was responsible for uploading recordings to remote cloud storage.
At times, data was found missing, and the application had to be refreshed or re-installed. At other times,
watches had to be unpaired and re-paired to their respective phones via Bluetooth. Several small incidents
like this occurred when troubleshooting difficulties with retrieving smartwatch data. Currently, researchers
cannot remotely login to Apple watches or iPhones, so it falls to someone who is physically present to

manually refresh, re-connect or reboot various components for troubleshooting data uploads.

The PC responsible for video recordings could be remotely rebooted once its TPM chip was configured.

By this, I do not mean that the participant would necessarily have the exact same roles and responsibilities as every other
member on the team. After all, this is not the case for researchers either, all of whom held different roles and responsibilities during
the project. I will expand on what this could look like in greater detail in the next chapter.
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However, the USB connected webcams occasionally needed to be re-connected to the PC. At other times,
the ethernet port was discovered to be knocked loose from the PC. This caused all videos to auto-upload over
WiFi, which was too slow to handle uploading 14 hours of 4k video per day, causing some data corruption

and data loss.

As device capabilities improve and more remote-login and troubleshooting capacity are enabled, I antic-
ipate that some of this burden will be redirected to automated and remote methods for managing deployed
ecosystems. However, as long as there are physical aspects to our systems, there will likely be occasional
assistance required from a person who is physically present. In the case of our study, that person was the

participant.

4.5.3 Considering Communication

Several interrelated aspects of communication should be considered in our study, including researcher-
to-researcher and researcher-to-participant dynamics. In this work, I chose not to focus our analysis on
researcher-to-researcher dynamics; however, some of these dynamics provide context to the overall project.
The researchers lived in 3 separate geographical areas and were affiliated with 3 different universities, and
were fortunate to all be living in the same time zone. We see such multi-institution collaborations frequently
in research today, given the complexity of multidisciplinary research [215]. However, organizing a coordi-
nated effort across 3 schools, even for a pilot study, is a significant undertaking in and of itself. Starting the
project before all of the researchers had obtained data sharing agreements meant that the "telephone game"
was a strategy we utilized for half the duration of the project, resulting in some communication delays and
misunderstandings.

There was also little guidance on how communication between researchers and the participant should
be handled. The general tone of guidance from PIs was to try to minimize burdening the participant by
limiting communication to only what was strictly necessary. In hindsight, I recognize that this assumption
that "less communication equates to less burden for the participant" may be incorrect, or else an incomplete
picture of what would be most amenable. We cannot know unless we ask them. In a recent paper sharing
lessons from computer networking, [216] describe relationships and the communication patterns between

them as a type of infrastructure. They share their experiences where trust was built between people over
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time, in part through regular and positive interactions. Researchers from the National Cancer Institute had
similar findings, reporting that participants emphasized the importance of frequent communication among
collaborators [217]. The participant in our study preferred G-Chat to email, found the email delivery of the
experiment protocol limiting, and that a protocol debriefing meeting would have provided an opportunity to
make sure they understood the protocol. At a minimum, time and effort should be allocated at the beginning
of a project to understanding participants’ preferences for communication dynamics, and revisiting this issue
throughout the study would account for any changes they may need as time progresses.

Having a clear understanding of what people’s roles are (whether researcher or participant) is also im-
portant to determine and communicate [[165]]. This can inform what is appropriate to ask for or to discuss,
can help to set clear expectations, and help ensure unsustainable burdens aren’t being placed on someone.
Roles can evolve over the duration of a clinical study, and they certainly did in our case [[L65]. For example,
I became the primary point of contact with the participant after some of the UCSF-affiliated researchers
took other positions. Building in time for regular check-ins over the course of a study could help ensure that

everyone understands their roles and has the proper support to fulfill them.

4.5.4 The Unseen Expert of Neurotechnology

I discussed how our study was generally modeled as traditional clinical study, such that the participant was
not intended to fill the role of a researcher (even though in practice this was indeed one of the roles that
they filled). Given that the participant in our study is a person living with PD, considering them strictly as
a "subject in a research study" does not provide a coherent or useful representation of who they are, what
their role(s) is in the context of the study, and why they have said role(s). In fact, viewing them merely
as a "research subject" would be inappropriate, not just because we seek to translate an integrated system
into their body and their living space, but more foundationally because the entire premise by which we
justify making DBS therapy adaptive is by endeavoring to provide people with a personalized treatment,
presumably for their specific benefit [200].

Framing adaptive DBS as personalized medicine has occurred throughout literature since it’s advent

non non

in 2006, reflected in phrases including "personalized medicine", "personalized treatment”, "personalized

non

healthcare", "precision medicine", "a more precise therapy", and "tailored treatment" [126; 218} 28 [1335
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21952205 221]]. The notion of personalized medicine predates DBS by many years, gaining particular trac-
tion in the 1980s with the advent of the Human Genome Project and highlighted by the journal Personalized
Medicine launching in 2007 [222; 223; 224]]. This was further established in 2015 when US President
Obama allocated $215 million dollars towards a "precision medicine initiative” to promote the development
and use of genomic tools in health care [224]]. In practice, these terms indicate more of a "stratified set" of
treatments or interventions for subgroups of people rather than a truly person-specific treatment. Regard-
less, it has been used to rouse motivation and enthusiasm from funders, researchers and the general public
by promising a "better" and less "cookie cutter" approach to human health problems. With advances in ma-
chine learning capabilities and the dawn of fully embedded, closed-loop algorithms, "precision medicine"

has renewed possibility for more person-specific treatment than ever before.

With this in mind, a natural assumption might be that the participant is also a stakeholder in the research.
In actuality, this is not necessarily the case. Using our prior work as an example, the official title of the
project was "Automated Optimization of Adaptive DBS for Parkinson’s Disease." A listed goal for the
project’s outcomes was to "reduce the burden on both clinicians and patients." We discussed in Chapters 2]
and[3lhow DBS suffers from a high burden on clinicians needing to manually identify stimulation parameters
for each person, and that aDBS algorithms introduce still more parameters that must be carefully selected.
While aDBS research exists to more precisely treat symptoms, our project goals were to introduce methods
that could enable aDBS to more easily scale to more people. In other words, there are at least two possible
stakeholders in our project: people who receive DBS therapy, and the clinicians who parameterize it. In
theory, one does not necessarily exclude the other; depending on its goals, a study can have one or both
kinds of stakeholder. In practice then, who was the stakeholder(s) for our project? Unfortunately, while
goals for the project were frequently discussed after being set by PlIs, the stakeholders were never explicitly
identified. In reviewing the analysis of this chapter, however, we can try to infer if, and to what extent, the

participant was a stakeholder in our work.

In looking at stakeholder priorities for treatment, I discussed how the target for our symptom assessments
was aimed at capturing bradykinesia rather than balance issues. Targeting balance issues was not in the scope
of this project, however we did include a sit-stand task in some of our experiment protocols. Future studies

may want to consider what symptoms are a "big deal" for their participants when designing experiments for
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participants to perform while at home.

Regarding stakeholder communication preferences, we sometimes used G-Chat (which the participant
preferred over email) and sometimes not. We also did not provide protocol debrief meetings to give the
participant a chance to make sure they understood our instructions. When reviewing stakeholder prefer-
ences for the integrated system, we de-prioritized the participant’s request to update the video recording
application interface in favor of other research goals. Regarding stakeholder preferences for data security,
we adapted our original architecture to accommodate the participant’s desire for a VPN and in the process
strengthened the design of our overall ecosystem. In this sense, the participant’s preferences as a stakeholder
were prioritized and adopted. Considering stakeholder needs for conducting self-guided experiments while

at home, we were not made aware of this need until after the participant had remedied it for himself.

Altogether, if the participant was a stakeholder in our study, then they were one of multiple, and that
ultimately their priorities, needs, and preferences did not always shape the ways we conducted our research
study. If the participant was not the (primary) stakeholder, and they were not (considered) a researcher, did

they fill a role as an ’expert’ to help inform how we conducted our research?

I developed subtheme 4.2 to link routine experiences the participant had to adjust to; these are experi-
ences that someone not living with PD or a DBS system would likely experience. Diurnal periods of limited
communication from slurred speech, catching oneself on the wall when coming down the stairs, and going
from half frozen to feeling newly charged DBS sensations that need "a poet to properly express what it’s
like" are just some examples of this. These experiences affect how the participant communicates with their
family, relates to others, navigates the space in their home, and ultimately influences the systems we deploy,
the data we collect, and the interpretations we make in the science we produce. We missed learning from
these experiences and considering them throughout our design and research processes across 2 years. In
concluding my analysis, I recognize the participant was an expert in several domains that our research was

contextualized in and intended to treat.

Some might counter that participant expertise is already in the literature from previous studies, or that
participants’ clinicians and neurologists who are a part of our research teams can sufficiently inform us
about their needs, rendering direct communication with the participant unnecessary or a waste of time. To

this, I re-counter how young the field still is, and that sufficient knowledge is very far from being known
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thus far in literature [[140]. I also offer the results of this case study for consideration as a counter-argument.
From miscommunications and forgotten participant priorities due in part to the "telephone game" nature of
our communication structures, to introducing noise in collected data from ambiguously written protocols
written by people who do not live with PD, I have seen how much we could have benefited from directly
and regularly consulting with the participant. Furthermore, designing for people rather than with them risks

objectifying the people who participate in our studies. Sullivan et al warns:

"Assistive technology fields would not exist but for the perception that persons with disabilities
lack sensory and motor functionality that must be improved, assisted, or restored. If these
needs are imagined by researchers rather than informed by potential end users, researchers may
unintentionally contribute to the objectification of persons with disabilities as persons to be

“fixed.”" [200]

It is possible some people who want to be research participants will not want to actively engage in the
research process. It may even be possible to conceive of an aDBS study where the research participants are
not the stakeholder. However, I believe it is not possible to define, design or execute "effective research" if
we do not see the people who participate in our research studies as the domain Experts that they are. By
"seeing", I mean actively recognizing them as such. When we actively see someone as an expert, we tend
to consult with them, learn from them, and structure our processes based on these learnings to maximize the
benefit that our work can provide. Given this, I have determined a more appropriate term than "participant”
is Expert-Participant, until such a time when I can ask how the people who participate in our studies would

like to be referred to.

4.6 Conclusions

Our results and eventual conclusions took an unexpected turn over the course of reviewing literature in the
philosophy of science, traditional practices in clinical research, and participant engagement in the research
process, as well as during our thematic analyses of our prior work using largely non-numeric types of data.
I initially set out to report on the expert-participant’s experience while engaging in our study, providing

context to our prior results and insights for conducting future at-home aDBS research. I achieved this, and
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then some. In particular, I discovered that despite following the traditional research practice where expert-
participants aren’t intended to engage in the research process, the expert-participant in our study was in
fact highly involved in many facets of the research process. Often, they engaged without the researchers’
awareness and subsequently they sometimes engaged without receiving explicit support for doing so. They
frequently and creatively took initiative to simplify their life and to solve problems in support of their
understanding of the research goals. Their demonstrably technical background was certainly valuable, and
yet that was just one facet of their contributions to our work. Their expertise in multiple domains such as
living with a DBS system implanted in their body, living with our deployed ecosystem inside their house, and
conducting self-guided experiments in common family spaces provided rich context and insights for what
is important for integrating neurotechnology into the everyday life of a person living with a progressive

neurodegenerative disorder.

Importantly, by excluding the expert-participant from our research and design discussions and processes,
we wrote experiment protocols that did not account for the trade-offs the expert-participant experiences
when symptoms are present and noise was introduced into some of the data we collected. There are clear
and extensive benefits that researchers stand to gain by learning from expert-participants. Just as clear are
the costs that researchers, not to mention PwPD, can incur by blocking expert-participants from having

access to research processes.

The amount I have learned from a single exit interview is so rich I cannot fit all of it into a single chapter.
As researchers endeavoring to bring technology to real-world contexts for people to use in their everyday
lives, we stand to gain immense knowledge, wisdom and benefit by recognizing that people living with PD,
with devices implanted in their bodies, and with systems deployed in their homes as relevant domain experts
for our research goals. Who in all of academia would advise ignoring the experts of a given field? And yet
this is what I believe neurotechnologists risk if we do not recognize the expertise that expert-participants

have.
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4.7 Dear Quantitatively-Trained Students Researchers: Recommendations

for Translational Neurotechnology Research

Over the past three years of designing, building and deploying a fully remote platform ecosystem into the
home of a person with PD, as well as during the work for this chapter, I have identified several practices
that can benefit future neurotechnology translation projects. These recommendations target graduate stu-
dent practitioners who design and deploy neurotechnology systems into homes, regardless of their research
paradigm. They are based on my conviction that the people who volunteer to participate in our neurotech-
nology research studies are experts in multiple domains, including living with a disability, living with a
progressive neurodegenerative disorder, living with neurostimulator devices implanted in their body, liv-
ing with our systems deployed to their homes, and conducting experiments and research-related activities
while being outside clinical observation and within their living spaces. I first provide the recommendations
as a condensed list; this is the TL;DR version. I then briefly share my background to contextualize my

recommendations. Finally, I expound on the condensed list to provide a more thorough description.

Recommendations for Students Researching Neurotechnology Translation

1. Find a Mentor: Identify someone who can guide you in working with expert-participants. This can
be an unofficial mentor outside your official advisor. Professors outside your department, authors
of interesting papers, or speakers at seminars are all potential supporters.

2. Define the Roles: Ask for the roles of everyone (including the expert-participants) involved to be
explicitly defined. If the PI(s) does not know, your asking will help them find out.

3. Field Notes for Context and Learning: Get into the habit of taking field notes, which are a
data modality similar to journal entries to capture dynamic events and the context in which they
occurred. Record during, or immediately following, any events that occur, no matter how trivial
the events may seem. You will want this information later during analysis. Regularly review field
notes to consider what patterns emerge, and what changes you can make to better direct your work.

4. Communication Set-up: As early as possible, ask the expert-participant how they would like to

communicate, including frequency and format. Ask them what kinds of communication they would
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like to have. NOTE: The following recommendations depend on these answers. Re-state what you
hear from them to ensure you understood correctly. Finally, re-ask this question regularly since

needs will change over time.

5. Re-Define the Problem: Begin with a problem you think you want to solve. Set it to the side.
Then, ask the expert-participant what problems they would like to solve. Compare this to the
problem you initially identified. Together, formulate the problem(s) to solve. As before, re-state

what you heard from/with the expert-participant, and re-visit this step regularly.

6. Problem-Pose the Solution: Considering potential solutions to a problem. Ask yourself "What
impacts might this solution have on the system software, system hardware, system usability? Do
any of these impacts pose a new problem?" Re-ask these questions with the expert-participant.
Together, converge on solution(s) you want to implement. As before, re-state what you heard

from/with the expert-participant, and re-visit this step regularly.

7. The Moving Target of Research Goals: The aims of a project are rarely set in stone. Be on
the lookout for possibilities to adjust or refine aims based on your learnings from the expert-

participants.

8. On Transparency: Strive to be transparent with expert-participants in all things. For example, let
them know if their needs or priorities are not the main priorities of the people managing the project.
This creates opportunity for them to make a more informed decision on how engaged they want to

be based on the project’s structure.

9. Publish in One Place: Strive to document your work holistically, where context and non-numerical
information are included alongside any quantitative approaches rather than in separate journals or

conferences.

4.7.1 Personal Research Background

In pursuing first a Bachelor’s degree, and then a PhD in Computer Science, I learned how to do research

informally, by watching others and replicating their ways of learning and running experiments. I found
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myself wishing for a better understanding of why and how we can best conduct research, and took a research
methods class. Ultimately, this class taught me little, so I sojourned on by learning as I went. At the start of
the Weill Neurohub project, I scoured the internet looking for examples of the type of platform ecosystem we
wanted to build. I queried the fields of cyber physical systems, video recording systems, wearable sensors
and kinematics, computer vision and motion tracking, and home-based healthcare systems. I remember
finding 2 papers that outlined a similar type of platform to what we were envisioning, both with n=0 (i.e.
entirely theoretical). So, I pulled fragments from my literature searches with any insights I thought would be
helpful. Nowhere in these places did I find anyone discussing how the people we build the systems for are
uniquely expert in the problems we wanted to solve, or even mention their experiences of the technologies
built for their use. Inundated as I was by many steep learning curves, and never seeing or hearing anyone in
my research labs or the papers I read discuss these experts, it honestly and most unfortunately did not cross
my mind. Towards the end of my program, I took a class called Computing for Social Good. This exposed
me to many new areas of research, including different ways and rationales for how and why we can do
research. It was around this time that I received the feedback from our anonymous reviewers. Between their
comments and the contents of the class, I realized something incredible — neurotechnologists were starting
to translate novel and cutting edge systems to the real world, and they were doing it seemingly without
talking to the experts in living with the problems they endeavored to solve. More incredibly, no one seemed
to be talking about it. A year or so later, and I’ve since learned that people are indeed talking about it — just
not in the places where neurotechnologists typically publish their work. So while I hope no other students
will repeat my mistake of missing the Experts in living with the problems we endeavor to solve, or better
still that their research labs will have a culture of recognizing their research participants as Experts, I don’t
want to leave it up to chance. If this dissertation finds it way into your hands, here are some of the things

that I wish I knew when I started this work some 3 years ago.

4.7.2 Student Recommendations for Translational Neurotechnology Research

1. Find Support: No matter what you try to do as a graduate student, having support from other re-
searchers, particularly advisors, professors, and others with more experience is immensely beneficial

for your success. If no one you work with or are advised by is interested in co-solving neurotech-

125



nology problems with the expert-participants, try to find someone who is. It is very common to have
"informal" academic advisors who are interested in helping students that they don’t officially advise.
Sometimes these relationships later become fruitful research collaborations, but regardless people
are often very happy to help students in their endeavors. Be creative and explore many departments
outside of your own, such as Human-Centered Design and Engineering, Statistics, or Data Science fa-
cilities. Talk to the authors of interesting papers that you read, or speakers at a seminar or conference.

If they are not able to advise you, they may know someone who can.

. Know the Roles: Ask the project lead to explicitly define the roles of everyone involved (including the
expert-participants). If they do not know, your raising the question can help them determine this. As
the project evolves, you may find that different people take on responsibilities that were not initially
a part of their role. You may also find yourself better suited to certain things than you originally
thought. This is all part of carrying out a large team-based project; things rarely go exactly according
to plan. Additionally, there are often ways to proactively adjust or refine someone’s role. For example,
if a research coordinator has been appointed the go-between communicator between researchers and
expert-participants, you can still keep channels open by co-meeting with participants on at least some

occasions as an opportunity to learn from them.

. Field Notes: The Unsung Hero of Data Modalities Documenting work in academia is about as
varied as are the ways that people conduct their research. I have found along the way how valuable is
is to log everything that I do, try, or think about in extreme detail. More recently, I discovered field

notes.

(a) Capturing Experiences: Field notes are a type of data modality common to many fields including
Ecology and Ethnography. While they might seem similar to research logs, they are often more
like journal entries. They can comprise a single sentence, or a full story of a class you taught, or
an experiment you ran. It can describe what emotions you experienced or what body language
you noticed while interviewing a Expert-Participant. In short, field notes are a way to capture and
tell stories about dynamic events that occur. They are a powerful tool for providing the context in

which things occur, such as how, at what time, in what temperature, in which location, involving
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who, etc. This is particularly useful for translating technologies between domains like research
lab to home. Because field notes are subject to the writer’s perceptions and memories, it’s a good
idea to take them either during or immediately after the event you want to record. These can be
informal, and they can all look different from each other. If in doubt about whether it’s worth

writing about something, write it down.

(b) Regularly Review these Experiences: Not only are field notes a rich source of analysis to share
findings with others, iteratively reviewing them is a valuable way to study and problem-pose
your current research process, which can enable you to make practical changes to improve your
work before it is done. If that sounds like extra work you don’t have time for, that’s what
[225]’s research participants said too. [225]] describes methods for reviewing field notes that she
devised together with participants during various participatory action research (PAR) projects to
make this task quicker and less daunting. They found the insights they gained provided valuable
lessons. For example, they discovered how their weekly meetings were being wasted from
certain unhelpful communication styles, and that some participants were actively participating
while others were not. Long-term, regularly reviewing field notes can save a lot of time and
resources by helping you pivot to more helpful practices or methods while in the midst of a

project.

4. Communication Set-up: There will be various rules and policies in place that somewhat determine
the types of interactions you are allowed to have with expert-participants. Within those rules, at the
earliest opportunity, seek a meeting with the expert-participants and ask them how they would like
to communicate with you. This can include questions about frequency and format (e.g. video call,
meeting in-person, etc). Ask them what types of communication they are interested in having. Would
they like updates on research progress? Would they like to participate in the research process? If so,
in what ways? Do they want to be involved in defining the research problems, solutions and agendas?
Regardless of the answers you get, plan to re-visit this question multiple times throughout the course
of your work. At the best of times, miscommunications will happen. It is always a good idea to
follow up and to re-state what you think they meant, to make sure that you got it right. And even

if you did get it right, their answer may (and likely will) change over time. This will also help you
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learn if their communication needs are actually being met. Of course, these are all questions that your
fellow researchers and advisors will likely have opinions on, including valid concerns about ethical
practices. Again, finding someone to advise you in working with expert-participants will help you

navigate these dynamics to find a solution that works for your situation.

5. On Problem Solving:

(a) Re-Find the Problem: Scientists, maybe especially Computer Scientists, love solving problems.
This is a wonderful thing. It can also make it easy to forget that before we can solve the problem,
we need to know what the problem actually is. To do this, we have to ask the expert-participants.
What’s more, we need to ask them repeatedly. Again, follow up and re-state what you think they

meant, and follow up iteratively to ensure their answers from before are still relevant.

(b) Problem-Pose the Solution: Once you have an idea of what a problem is, you can come up with
some solutions. Before you dive into implementing them, take the newly formed solution and
ask yourself: what new problems might the solution pose? What are some potential impacts of
implementing your solution? Would any of those impacts pose their own problems? Finally,
talk to the expert-participant, and ask these same questions out loud with them. As before, get

into the habit of doing this iteratively.

6. Clinical Research Goals are a Moving Target: If a project begins before expert-participants have
even volunteered to be apart of the study, it can be difficult to conceive of how they can be consulted
for defining your problems and determining solutions if research agendas are already established. Fur-
thermore, your research colleagues may not recognize the expert-participants as experts, or they may
not be comfortable with interacting with them or consulting with them. While these factors can cer-
tainly make learning from and working with expert-participants more difficult, and is not impossible.
The aims or goals of a project, particularly with longitudinal studies, are not set in stone no matter
how concretely they might be presented. They are, in a word, goals; an idea of what we may hope to
accomplish. In practice, things will change, fall through, come together, not work out, surprise you,
etc. All of this is to say that there are always possibilities for adjusting, refining or adding to research

goals. Certainly, there are almost always multiple ways for exactly how to accomplish any single
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goal. Some of these choices will be more conducive to addressing the expert-participant’s priorities

than others. Be on the lookout for those.

. On Transparency: A frequent concern I have heard when discussing possible ways to learn from
and co-research with expert-participants is that we may offer false hope that the expert-participant
has power to impact the research when ultimately the PI or funders have final authority. Similarly,
there is concern around managing expectations [226]. These are complex and important topics with
a lot of nuance beyond the scope of this chapter. I will offer this, however: be transparent with the
expert-participants. If they do not have equal say in a research project’s directions, then be upfront
about this (often students themselves do not have equal say, so this is a place you can perhaps find
common ground). Be honest about what you know, what you think you can achieve together, and

what your limitations are. Expert-participants can then make more informed decisions.

. Publish in One Place: Strive to write up your work holistically, where context and non-numerical
information is included alongside any quantitative approaches, rather than in separate journals or
conferences. This is crucial for at least two reasons. First, as I have discussed in this chapter, neu-
rotechnology research is highly multidisciplinary, and each aspect interacts with and effects the others.
To only report on some of these inter-dependent aspects is to present a partial picture. Second, by pre-
senting the complete picture, we will set an important example for establishing a "new normal" way
of conducting and disseminating work that is situated in context and centered around the people who

the work is intended for.
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Chapter 5

Participatory Action Research for

Responsibly Engineering Neurotechnology

5.1 Introduction

In light of our results in chapter {] I discussed some of the consequences for clinical research when pre-
serving its traditional distancing of researcher and research subject. We also discussed benefits for when
this separation is not emphasized, as seen for example in Feldmann et al [92] intentionally engaging with
research participants to learn from their expertise and subsequently adjusting their research processes based
on these learnings. Participant engagement in the context of research is a very broad concept, and can mean
anything from having a single conversation with a participant, to their actively engaging in the research
itself alongside other participants and the researchers involved [227; 155} 228;229]. There are examples in
literature where participants are engaged in every aspect of the research process, starting with grant-writing
and going all the way to publishing and disseminating the results with participants included as co-authors
[L80]. There has been extensive debate and significant concerns raised not only on whether this provides real
benefit, but also on how this should be done. Debate and subsequent recommendations for navigating these
concerns has been published by neuroethicists, however currently there is no single established "method"
for doing so [141]. With uncertainty regarding ethical practices of collaborating with participants, not to

mention the difficulty of introducing a entirely new set of perspectives and backgrounds into the complex

130



and non-stationary domain of neurotechnology research, it is hardly any wonder that the field is reluctant to
attempt it. And yet, the benefits of doing so, and conversely the consequences for not, are evident from our
results in chapter 4] and from the work of many others [167; 92]). I outlined strategies in chapter 4] to guide
research students in learning from the expertise of participants and more closely aligning their research
to participants’ needs. However, it falls largely on researchers in positions of authority to ensure that this
change actually occurs. How can we overcome our hesitation and all the ethical, technical and inter-personal

challenges to actively engage with participants and more responsibly create and translate nanotechnologies?

Participatory action research (PAR) is a set of tenets for collaborative research that neurotechnologists
could use as a flexible framework to help in this endeavor. PAREI is an approach for how to conduct
collaborative research based on underlying principles that are unique, and sometimes counter, to tradi-
tional research [225; 226; [231]]. Nonetheless, PAR has guided research in many different fields and con-
texts including the health sciences, networking, education, regional planning, and community development
[230; 2255 2165 2325 233% 2315 [234]. PAR is conducted by and within a specific community, yielding a
resource-rich foundation that is valuable for sustaining complex initiatives like neurotechnology translation.
Furthermore, a primary tenet of PAR is conducting research by or with the community, which structures
research to be contextually relevant and to meet the community’s actual needs. In this chapter, I describe
PAR, explore the tensions between it and traditional research practices, and review a example from neu-
roscience literature demonstrating how PAR can facilitate fruitful collaborations between researchers po-
sitioned in traditional academia and a community that is positioned elsewhere. Finally, I draw guidance
from the Community-Engaged Research with Community-Based Organizations resource manual from the
Clinical and Translational Science Institute at the University of California, San Francisco (UCSF) to inform
suggestions for researchers interested in structuring longitudinal aDBS or neurotechnology studies as PAR

projects.

'PAR is referenced by multiple terms, including Community Based Participatory Research (CBPR), action research (AR),
practitioner research, action science, and cooperative inquiry [230;229]]. For simplicity, we use PAR throughout this chapter.
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5.2 Tenets and Tensions of PAR

In fact, there is no single definition of what constitutes a PAR project. This is partly because PAR has
originated from many different places, cultures and contexts around the world, including research to increase
adult literacy in Columbia, improving adult and women’s education in India, in improving agricultural
training and technologies in Peru and Tanzania, improving water sanitation practices in Canada, and in
advocating for rights of disabled people in the United States [225]]. Because PAR projects are so diverse in
their nature and context, and consequently diverse in their needs, different methodologies and paradigms are

necessary and welcomed:

"[PAR] can incorporate multiple methods and welcomes the use of both qualitative and quanti-
tative methods. The only methods not applicable to an [PAR] approach are those that distance
the researchers from problems and questions of inquiry to ensure “objectivity” or avoid “con-

tamination.”" [231]]

This does require that PAR researchers are thoughtful about which models and methods they choose when

designing their studies. [229] cautions:

"While a revolutionary thinker like Paulo Freire and a business guru like W. E. Deming may
both have advocated a cycle of inquiry involving plan-act-observe-reflect, this does not mean
that their two philosophies are epistemologically, methodologically, or ideologically compati-

ble."

The philosophical underpinnings of PAR are also varied, and different thinkers emphasized different
aspects. For example, Paulo Freire’s Pedagogy of the Oppressed has been a particular influence on PAR,
which was written on education for social change in the aftermath of the extreme poverty he and other
Brazilians faced in his childhood [235]]. Freire criticized researchers, humanitarians, and socialist revolu-
tionaries alike for showing up on a community’s doorstep with solutions to provide "relief" to their assumed
"problems" before asking sufficient (or any) questions about their actual problems. Importantly, he insisted
that co-learning is a process that must be participated in by both the researchers and members of the com-

munity in any endeavor to work alongside oppressed peoples. However, Freire is not the first to write about
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PAR. Kurt Lewin was one of the earliest writers, after fleeing Nazi Germany in 1933 [236]. Lewin worked
towards a program to help new immigrants to Palestine adjust to their new environment. Lewin particularly

emphasized the need for action to be an integral part of the research process:

"No action without research; no research without action" [237].

Despite the differences across PAR projects, PAR has several tenets that invariably show up wherever
it is practiced. A primary tenet is that research participants have control of the research process, and/or
participate in designing the research process, which is something of the reverse of what we see in tradi-
tional research. While the degrees of control or participation varies across PAR projects, they are invariably
conducted by or with individuals in a community, and never on or fo them [229} [225}; 2265 [230]].

Additionally, PAR projects are grounded in the context of the community that conducts them. PAR
studies living systems, processes, or other dynamic phenomena within the community’s natural or existing
habitat. In this way, PAR is related to life sciences that study living beings from within their natural habitats
or ecological contexts.

Another tenet of PAR is its cyclical and open-ended nature. PAR is typically characterized by cycles
of “plan-act-observe-reflect” where knowledge and learnings from critical reflections on the actions that
are observed are fed back into planning [231]. In this way, PAR has similarities to the design-develop-
evaluate-analyze cycles of user-centered design, participatory design, and value sensitive design (VSD)
[2315 238} 239; 240] and even to the iterative "agile" or "sprint" approaches frequently used in software
engineering.

PAR is also characterized by seeking not only to generate new knowledge, but to create opportunities
for personal and community growth, development, and empowerment [225} 229]. Knowledge generation
and knowledge construction is an integral part of zow PAR creates these opportunities, particularly through

collaborative cycles of dialogue and critical reflection. [225]] writes:

"It is by actively engaging in critical dialogue and collective reflection that the participants of

PAR recognize that they have a stake in the overall project."”

Because all people in PAR are participating, a unique outcome of PAR research is multi-directional learning
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El where sharing of expertise is intended to be transferred in all directions.

PAR’s cyclical structure, its emphasis on growth and empowerment of community, and its open-ended
nature emphasize the process of research over the outcomes. These are defining characteristics of PAR that
are not frequently a part of traditional research practices. Understandably, this makes traditional academic

researchers, committees and IRB members stymied, suspicious, and concerned. [229] writes:

"IRBs are confused about risk factors in settings in which research subjects are participants
in the research at the same time that they are, often, subordinates within the organizational
settings. These power relations are further complicated when the action researcher is also an

insider to the organization."

Confusion about where people should be "placed" can extend to the reverse condition, as researchers are
themselves participants in their work [225; [229]. This becomes even more complex for clinical research
endeavors involving neurotechnology which frequently are conducted by a diverse team of researchers,
including researchers who are also clinicians. Clinician-researchers are researchers and part of participants’
care team, which means they are positioned in multiple places and hold multiple roles simultaneously.
Nonetheless, in PAR the knowledge of all participants is as valued as scientific knowledge, so everyone
involved is a co-investigator, co-participant, and co-subject of the research process [231}[226]. Notably, this
often means that there is mutual ownership of the products produced from research [[12]].

Beyond the inherent complexity of all collaborative work including in PAR, the context-specificity of
PAR immediately provokes another concern in traditional research: the "generalizability" debate, where
solutions that generalize are deemed the most estimable. As we discussed in chapter @] "objectively" dis-
covered knowledge from a positivist paradigm captures "true reality", thus it generalizes regardless of time
passing or of changes to context [[148]]. From a positivist view, objective "truth" can be discovered by care-
fully following what is known as the "scientific method", where researchers endeavor to isolate independent
variables in order to observe causal relationships. Adherence to the scientific method is sometimes referred
to as "scientific rigor", and gives confidence in scientific outcomes because the results can (theoretically) be

replicated by others. How are researchers to provide "scientific rigor" if they do not provide generalizability?

2we say multi-directional rather than bi-directional to note that collaborative community work may bring together several more
groups of people beyond just "researchers" and "participants” (e.g. government officials)
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An alternative to generalizability is the notion of "trustworthiness". [231] notes:

"trustworthiness is a valid and appropriate alternative to generalizability in scientific inquiry,

[... stemming from] credibility, transferability, dependability, and confirmability."

Indeed, it is trust in the process of carrying out the scientific method that allows researchers to not have
to start from ground zero each and every time, but rather to build on a trusted foundation of prior work.

Similarly, PAR provides trust in the process in an alternative way to adhering solely to the scientific method.

5.3 Trustworthiness for Generalizability

To understand how PAR enables trustworthiness, I summarize [231]’s 4-point argument for how PAR
achieves credibility, transferability, dependability, and confirmability, and reflect on it’s relevance to neu-
rotechnology studies.

First, PAR is typically conducted in longer-term studies, which allows relationship building and learn-
ing what the community needs are. This longevity enables knowledge that is hidden, deep-seated, or pro-
tected within an individual or community (i.e. unlikely to be ascertained in a single interview or short-term
study) to be discovered. In our retrospective analysis, we discovered pertinent information only through the
"longer-term" discussion of the exit-interview. It is likely such discoveries would have continued if we had
created more opportunities for longer discussions throughout the course of our study. Future longitudinal
studies could build regular long-term discussions into their study design to facilitate this.

Second, PAR is context-centered, allowing researchers to make observations directly from the places or
habitats where the community exists and where related phenomena naturally occurs. PAR also emphasizes
the knowledge that comes from the participants themselves, such as from their explicitly spoken language
and exact word choices. In this way, the knowledge and data garnered from PAR is "closer to the source"
and increases credibility. This is important for studies on complex disorders like Parkinson’s disease (PD)
or neuropsychiatric disorders, which consists of a host of motor and/or non-motor symptoms that present in
every person differently.

Third, PAR enables data credibility by including multiple perspectives, and by encouraging participants

to critically reflect on data collected from or about them. During the exit interview described in[4] the partic-
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ipant in our study recalled their uncertainty while doing experiments given the ambiguity of the experiment
protocol. By creating opportunities for participants to critically reflect on research processes and outcomes,
neurotechnologists can better ensure their data and results actually reflect what they think they do.

In [231]’s fourth point, PAR’s credibility can be measured by the “workability” of its proposed so-
lutions, or how well solutions address real problems in the lives of participants. Because solutions must
"work", theory and practice are inextricably linked; theoretical knowledge that is generated must be actively
tried out in the field so it can be evaluated. Here, strategies such as user-centered design (UCD) can help
neurotechnologists ensure workability of their solutions and thus establish credibility in their efforts.

In a way, PAR might be said to also seek generalizability, but only for the local context where the

research is being conducted. An alternative word choice to generalizability is "transferability". [231]] adds:

"the goal is instead transferability. To accomplish this goal, data must be collected, analyzed,
and described as transparently as possible (dependability). Furthermore, enough evidence must

be presented to confirm the events transpired as described (confirmability)."

For neurotechnologists, transferable could be used interchangeably with translatable. If we want to translate
our technology from lab to the real world, it must be translatable, or workable, in the places we deploy
to. Are we to conclude then that no outcomes of PAR are useful for anyone other than the community
they are built for? Not necessarily. The trustworthiness that PAR offers, including dependability through
it’s transparency, is such that knowledge or solutions that are generated can be thoroughly analyzed and
understood by other researchers. This lets researchers determine what is similar and different in their context
versus the context where the knowledge or solution was generated, to then determine what, if any, aspects
can be replicated, adopted, or else changed. In short, PAR provides a framework for conducting research
that is built on trustworthiness. Then, knowledge and solutions generated from this framework have the
potential to translate to other contexts when and where appropriate [230; 241]]. It is for this potential that

[229]] advocates for an increase in PAR dissertations:

"[PAR] dissertations contain a local perspective that few traditional researchers are able to pro-
vide. A dissertation forces [PAR] researchers to think not only about what knowledge they have

generated that can be fed back into the setting (local knowledge), but also what knowledge they
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have generated that is transferable to other settings (public knowledge)."

[47] pointed out that current translation timelines in neurotechnology are more similar to the pharmaceu-
tical industry (slow) rather than technology in non-clinical industries (fast). Alongside recent efforts to
help neurotechnologists speed up translation timelines such as open-sourcing our solutions (e.g. the Open-
Mind Consortium [108]), PAR generates knowledge that is both relevant for it’s specific community and

potentially transferable to other researchers [241].

5.4 A Worked Example of PAR for Clinical Neuroscience Research

In [12], La Scala et al describes their approach to neuroscience research as a PAR project for their develop-
mental neuroscience study on mental health outcomes in preadolescent Latina youth. We chose to explore
La Scala et al first because there are relatively few studies in clinical neuroscience research utilizing PAR,
and second because La Scala et al did not start their study out intending it to be a PAR project, providing an
example for how a research study can be re-structured partway through based on preliminary findings.

La Scala et al began with a focus on the neural bases of disruptive behavior disorder and conduct prob-
lems in Latina youth. This was motivated partly by accumulating evidence that lived experience impacts
psychological processes [125 765 77; 145785 79;180; [81]]. It was also based on their prior work demonstrating
that they could not replicate previous findings to show reduced gray matter volumes in the anterior insula,
amygdala, and frontal cortex in youth with conduct disorder symptoms. However they could replicate prior
results showing reduced gray matter volumes in temporal regions, particularly in girls [242]. In a follow-
ing study, they found that children with greater conduct disorder symptoms had a dampened hemodynamic
response to viewing others being harmed in the insula, a neural region which plays a role in empathy and
emotional awareness [243]]. Sex differences in the neural correlates were again observed.

However, the focus of their study shifted after while informally speaking with families during data
collection where they discovered that girls in their community were struggling with elevated panic and anxi-
ety which were exacerbated by social stressors. They discovered evidence for Latina adolescents experience
more internalizing symptoms and higher rates of untreated anxiety than their white, Black, and Latino peers,

as well as influence of ethnic-racial value socialization practices among Latina mothers on children’s emo-
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tion expression, recognition, and regulation when they engaged in threat and safety learning. From there,
La Scala et al re-evaluated the aims of their study and updated their research agenda to identifying families’

concerns and centering their lived experiences.

The authors built rapport with community members through several strategic approaches to overcome
structural barriers such as lack of transportation, need for childcare, and mistrust of the scientific commu-
nity. A key strategy for their work was the use of a Community Advisory Board (CAB), facilitated by the
first author who identifies as a Latina mother. During meetings, La Scala et al and members of the CAB
collaborated on better strategies to recruit people in their community to participate in their study. They next
developed an art therapy workshop series to connect with community members and provide children with
tools to manage their stress through artistic expression. Workshops used art to explore emotions, and dance

to provide non-verbal coping tools for anxiety using movement.

Their study certainly took a complete turn from its original intention of studying neural bases of conflict
disorders in Latina children. Notably, after following strategies they developed to recruit people in their
community, they experienced complete participant engagement and follow-through, even though the study

took place during the height of Covid-19 lockdowns.

La Scala et al notes that re-forming their study as a PAR project required them to acquire additional
funding. They also spent time revising their methodology, and building relationships with community mem-
bers, including training their research team on how best practices for engaging with community members in
collaborative research projects. They acknowledge that not all researchers would be able to accommodate

these changes.

5.5 Recommendations for PAR in Neurotechnology Translation

The following are suggestions for researchers interested in PAR for neurotechnology translation research.
They take inspiration from prior literature, including what was reviewed in this chapter, and from a re-
searcher’s resource manual for Recommendations from the Clinical and Translational Science Institute at

UCSEF [244]).
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5.5.1 Establish Community Relationships

The earlier you can begin to establish relationships with members or groups in a community, the more time
you will have to develop trust and build a report. One of the most impactful aspects of PAR is that it re-
searches and creates knowledge and solutions within a community. In this way, knowledge and expertise can
be shared and new skillsets gained. Ultimately, co-researching and co-creating within a community offers
the ability to tackle a much greater range of complexity and moving parts then a few people could do on their
own [[74]]. This is already partially happening in projects where researchers include researcher-clinicians,
who are members of the research community and members of the care team supporting people who have PD
(PwPD). We can expand on this by more directly integrating perspectives from people living with PD, for
example by including a CAB with PwPD as board members to support and work with the research team (e.g.
advising on how to navigate co-researching with PwPD). Helpfully, conducting research where community
partnerships are embedded in the research process has been found to maximize applicability of research

findings to more people, as well as reducing costs[244; (12} [245]].

5.5.2 Defining Roles

Depending on the type of research at hand, members in PAR almost always have a range of control in
different parts of the research, and are assigned very different roles. In other words, co-design and co-
research in PAR does not mean every person has the same job description. Thus, it’s important to collectively
decide what people’s roles are and how efforts will be organized and directed. This will help to set realistic
expectations. This is something that can be regularly revisited, especially for longitudinal studies as research

outcomes and daily life create change.

5.5.3 On Transparency

A frequent concern mentioned in criticisms of participatory research is that power imbalances can promote
a false promise of equality and end up exploiting people who don’t have equal power or influence [246].
One way to help mitigate this is to be transparent about the constraints and requirements for a project. A
toy example would be when someone undergoes brain surgery to be implanted with a DBS system. In

that context, the neurosurgeon and medical team will appropriately have the power to make decisions. Not
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every case will be so clear-cut, but engaging in dialogue built on established relationships can facilitate

determining a healthy structure for the project.

5.5.4 On Communication

Both for establishing relationships, and for determining project organization, clear communication is essen-
tial. One concern we have heard voiced is that PwPD may struggle being in group dynamics with other
PwPD that are at a more advanced stage of the illness trajectory [[74]]. These are important considerations,
and holding individual conversations at the beginning of a study may help to identify similar areas of con-

cern.

5.5.5 Collaborative Planning and Design

PAR is done by or with the members of a community. Thus, formulating research questions and study design
cannot be done without them. Particularly when only some members are living with a disability, their input

is essential for forming relevant questions and for designing lucrative research designs.

5.5.6 Research Implementation and Data Collection

PAR is not just about collaboratively formulating questions or opining on study design. Members of a
community can also actively engage in the work of research itself. Investing in knowledge sharing will
build capacity for everyone involved. This will also help community members to influence the choice of
methods that are suited to their needs. Furthermore, involving community members in data analysis and
interpretation can enrich the understanding and relevance of the findings, and can help catch mistakes or

expose incorrect assumptions [247; 200].

5.5.7 Context

Regularly ask community members about their local context and lived experiences when interpreting results.

This ensures that the findings are grounded in the realities of the community and are meaningful to them.
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5.5.8 Sharing Results

Collaborate to find ways of disseminating results that are accessible and useful to community partners and
stakeholders. This can include community presentations, reports, and other formats that are tailored to the

audience.

5.5.9 Continuous Integration for Feedback

Establish habits to obtain regular feedback and evaluation. This helps to ensure that the research remains

relevant and responsive to the needs of the community and allows for adjustments as necessary.

5.6 Conclusion

There are many ways to conceive of involving people in the research process; PAR is just one. While I
see PAR as having great potential particularly for researchers in neurotechnology translation, it is not the
only way. As long as a way is chosen to incorporate the perspectives, needs and expertise of the people we
develop solutions for, we will immediately be better able to develop effective treatments and technologies
that translate more quickly to the real-world. I call on principal investigators, funders, organization directors,
and anyone with a position of authority in this space to cease researcher practices that miss the Experts in the
problems they endeavor to solve. Choose some way of actively viewing and interacting with the participants

in research studies as the experts that they are — there are many ways to do so.
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Chapter 6

Conclusion

This dissertation is the result of nearly 4 years researching neural engineering challenges. In the first chapter,
I share my open-source design for a platform ecosystem that can be installed in people’s homes and main-
tained through remote access. The ecosystem is intended to support collecting multi-modal data from inside
homes, and securely transferring this data to researchers for further analysis. The ecosystem includes a cus-
tom application that I wrote to automatically record videos based on a configurable schedule. Although this
ecosystem was designed to support aDBS translation, it can also serve as an example template for ecosys-
tems intended for other technology translation purposes. The first chapter also demonstrates how we col-
lected data and verified it’s integrity. In the second chapter, I use the data I collected from smart watches and
web-cams to develop continuous metrics that can assess different aspects of movement quality, as a proxy
to remotely measure the severity of bradykinesia. In the third chapter, I design and conduct a post-study
assessment of the participant’s experience while engaging in our 2-year study. During this work, I learned
many ways that the participant was engaged in various aspects of the research process, often unbeknownst
to myself. I learned that if I design experiments for people who are living with Parkinson’s disease with
these same people, their experience can improve and my research outcomes can also improve. Ultimately,
this analysis taught me that when I exclude the people who participate in research studies from research and
design processes, I miss out on multiple areas of expertise that they uniquely hold which are highly integral
to successfully conducting neurotechnology research. Their areas of expertise include knowledge about

their unique set of symptoms and how those impact their abilities, their routines and their daily experiences.
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It also includes their knowledge of living with a DBS system implanted in their body, and how this impacts
their abilities, their routines and their daily experiences. They also hold expertise in their living spaces,
including navigating performing experiments in common family spaces during different times of the day. In
my work moving forward, I will now always strive to actively view the people that participate in research
studies as inherently holding unique and valuable expertise that I will seek to learn from. Wherever they are
willing, I will now always collaboratively engage with them in my research and design processes. Because
research has limited resources, and because researching as a student entails limited agency, I created simple
guidelines for student researchers to adopt if they are interested in co-researching and co-designing with
expert-participants. These can be adopted or adapted to any situation, even for student’s like myself who are
primarily or solely trained in quantitative methods from post-positivist paradigms. Finally in chapter four,
I introduce Participatory Action Research (PAR) for neurotechnologists to consider as a guide for how to
collaboratively conduct clinical neurotechnology research with participants. PAR is a set of tenets that can
guide participatory research, and is flexible and context-centered to be useful for a vast range of contexts.
PAR is primarily conducted by or with the people who the research is intended for, helping to ensure re-
search outcomes remain participant-centered. PAR is way of conducting collaborative research that I believe
holds high potential value for neurotechnology translation. However, there are many other creative ways to
conceive of collaborative research. Whichever way we choose to do it, it is my hope that neurotechnology

researchers cease excluding participants from their research and design processes moving forward.
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Chapter A

Appendix

A.1 Review-Cycle Questions from Anonymous Reviewers

A.2 Experiment Protocol

aDBS trials v2.0 - participant instructions

12 days of recording, 30 minutes each — not necessary to be consecutive days, but ideal to be as close
together as possible. Video recording windows will be scheduled every day from 9:00-23:00pm PST. For

consistency, plan to begin each trial starting at the same time each day.

Daily recording protocol:

Make sure that the PTM, CTM, and both Apple Watches are charged. Make sure that medication information
has been logged for the day. 21:55 — put on both Apple Watches and begin streaming Apple Watch data
using StrivePD. Ensure that the key-logger is activated. 22:00 — the first of three blocks will begin. Each of
the three blocks will be approximately 10 minutes long and performed with a different device configuration.
Some of these device configurations will use adaptive stimulation, but you will not know which. The order
will be shuffled each day and you will advance between them using the “Switch” button.

Within each block you will:

* Connect both the left and right CTM and begin streaming data. If this is the first block of the day,
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change to group D first.

Press the “Switch” button in the SCBS app on the tablet.

Wait approximately one minute

Tap the INS on the chest five times in any irregular pattern. This will be used for aligning movement
data from the RC+S with the watch and video data, so please make the tapping movements large and

exaggerated to be easily detectable by the cameras and watches.

Rest your hands on your lap with palms facing up for 10 seconds.

Using a single hand at eye-level, perform index-thumb finger tapping with as big and fast of move-
ments as possible for 20 seconds. Rest hands on lap for approximately 5 seconds, then repeat with the

other hand.

Try to orient the active hand towards the center camera.

With one arm stretched out straight in front of you, perform hand rotations, all the way clockwise and
all the way counterclockwise, as big and fast of movements as possible for 20 seconds. Rest hands on

lap for approximately 5 seconds, then repeat with the other arm.

Reach your arm straight out towards the center camera.

Keeping one arm straight out in front of you, bend your elbow and touch your index finger to the tip
of your nose, then re-straighten your arm in front of you again. Repeat these movements as large and
fast as possible for 20 seconds. Rest hands on lap for approximately 5 seconds, then repeat with the

other arm.

When your arm is straight out in front of you, try to orient it towards the center camera.

Type the text provided at the end of these instructions. The text for each day will be on a separate
page, starting below these instructions. We do not need to see a record of the typing, so feel free to
type in any text editor and delete it afterwards.

Prepare for the next block.
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23:00 — After the three blocks have been completed, stop streaming data on both the RC+S and Apple
Watches. The video recording will stop automatically at 23:00. Connect to the PTM and return stimulation
to your standard settings on both INS devices Take a nice break and have a snack for all your hard work.

You may stop a recording and return to your standard stimulation at any point and for any reason.

Day 1: (Note: Day 1 the same paragraph was typed for each stim condition)

There were once three brothers who were traveling along a lonely, winding road at twilight. In time, the
brothers reached a river too deep to wade through and too dangerous to swim across. However, these brothers
were learned in the magical arts, and so they simply waved their wands and made a bridge appear across the
treacherous water. They were halfway across it when they found their path blocked by a hooded figure. And
Death spoke to them. He was angry that he had been cheated out of three new victims, for travelers usually

drowned in the river.
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A.3 Supplementary Method

Video frame and timestamp analysis

1. To distinguish any lags in frames and timestamps between the three cameras, program a red LED light
to blink at random intervals, between 100 ms and 500 ms, for random durations, between 1 s and 5 s.
Place the light within the visual field of the three cameras and its blinking is recorded using different

camera configurations to evaluate time lags.

2. Assess the video output from each camera to determine the pixels that capture the blinking red light.
From each frame, monitor the sum of the red channel pixel values over time. There was a distinct
spike in this intensity whenever the LED light blinked. Use this to determine the frame number and
timestamp designated by each camera for each LED light blink and compute the variation in lag over

time by comparing them between cameras.

3. Test the FFmpeg’s video segmenting functionality that is used in the authors’ video recording app22.
This function allows a continuous video stream to be automatically saved to disk in smaller incre-
ments. This mitigates the risk of potential large-scale data corruption (which could make a longer

recording unusable) and allows for upload of files in a more controlled fashion.

4. Record blinking for three 1 h sessions with 2 min segmenting enabled. For each session, analyze
the frame lags between each pair of cameras. Delineate 10 min periods within each hour with black

vertical lines and only include the frame lags from the first minute for brevity.

The lags between cameras 2 and 1, 3 and 1, as well as 3 and 2, were found to be 28 + 3, -25 + 3 and
-53 + 3 frames, respectively. These frame lags remained the same across three 1-hour sessions that were
tested. When the same analysis was performed using the timestamps from each camera instead of the frame
numbers, the lag was observed to worsen over time, indicating an unpredictable variation in the timestamps.
The effect of removing the video segmenting that is programmed into the video recording application was
investigated next. A single 1-hour recording had consistent frame and timestamp lags between cameras, as
opposed to a 1-hour recording segmented into 2-minute chunks. This implies that creating multiple short

files using the video segmenting feature is one potential cause of time synchronization issues.
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Figure A.1: Video Frame Lag Analysis: Lags in timestamps generated from the video recording app
were detected during system characterization. To investigate the cause of the lags, the frame number and
timestamp generated from each camera was determined by recording a red LED light that blinked at random
intervals, then the variations in timestamp lags across cameras was computed. (Top) LED intensities (in
RGB units) measured on each of the three cameras, demonstrating the time offsets observed between the
three cameras (denoted with red arrows). (Bottom) Three plots show the between-camera timestamp lags in
number of frames for a series of LED blinks over the entire recording. Each recording was broken up into
multiple segments and the frame lag was approximately constant over time.
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A.4 Exit Interview Questions
1. Set the theme

(a) We’d like to know more about your experiences with DBS and all the technology that’s involved.

Can you tell us what your day to day experiences have been like since you started with DBS?

2. Main narration (participant speaks till we sense they’ve come to a close)

3. Questioning phase

(a) Can you tell us about your main challenges with DBS today?

(b) Can you tell us about any changes you and your family experienced in your day to day routines

after the video cameras and extra PC were installed?
(c) Can you tell us about your experiences when you did data collection experiments?

(d) In terms of communication, accessing any of us on the team, was there anything looking back

that you wish was different, or that you would change?

4. Wrap Up:

(a) Is there anything else you would like us to know?

177



A.5 Exit Interview Code Book

Table A.1: First Cycle Codebook

Code name

Memo

Modality

pain point: living with PD

Exit Interview

pain point: living with DBS

Exit Interview

pain point: participating as re-

search subject

there could be pain points that come
from participating in research that are
not tied to having PD or DBS; e.g. ex-
periencing boredom while doing an ex-
periment, extra tired rest of the day af-

ter doing experiments

Exit Interview

settling/downplaying needs

Exit Interview

misunderstood

Exit Interview

Isolation/loneliness

Exit Interview

participant apologizing

Exit Interview

participant expressing embar-

rassment/self conscious

Exit Interview

participant expressing owner-

ship/sense of responsibility

Exit Interview

experiencing boredom during

experiments

Exit Interview

considering relevance of sys-

tem/experiments to daily life

Exit Interview

participant brainstorming solu-

tions

Exit Interview

participant innovating to adapt

Exit Interview

feeling graditude

Exit Interview

178




Code name

Memo

Modality

participant concern for re-

searchers’ experience

Exit Interview

participant in perpetuated state
of mystery about research out-

comes

Exit Interview

forced guesswork

Exit Interview

researcher surprised

Exit Interview

participant teaching researcher

could include bringing something to re-
searcher’s attention, or trying to share
an experience someone living without

PD wouldn’t understand or be aware of

Exit Interview

Condition disparity revealed, or

disparity causes impact

i.e. participant has PD, researcher does

not.

Exit Interview

Some experiments harder to ex-
ecute than others due to PD im-

pairments

Exit Interview

a different ‘normal’

e.g. it’s ‘normal’ to use body freezing

as device recharge alert system

Exit Interview

participant noting areas needing

improvement

Exit Interview

IDing participant needs or prior-

ities

Exit Interview

participant shows tech/science

background

Exit Interview

understanding the system allevi-

ates fear/increases comfortabil-

ity

Exit Interview

179




Code name

Memo

Modality

participant assessment of symp-

tom severity

Exit Interview

participant assessment of DBS

efficacy

i.e., how well DBS treats their symp-

toms

Exit Interview

doubt in aDBS and/or 10T capa-

bilities

Exit Interview

doubt in medical/insurance sys-

tems

Exit Interview

Worry about  performance/-

longevity of implanted devices

Exit Interview

inherent ambiguity in tasks

Referring to multiple degrees of free-
dom that some movements have, e.g.
with wrist rotations there are 2 the par-
ticipant ID’d: the speed of rotation and

the full range of motion

Exit Interview

Ambiguous experiment instruc-

tions

Regardless of whether a task has in-
herent ambiguity, this code refers to
when researcher instructions were am-
biguous to clarify what and/or how the

participant should do something

Exit Interview

communication issues

e.g. insufficient, broken/dropped, mis-
understanding, ambiguous, mismatch

in preference, etc

Exit Interview
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Code name

Memo

Modality

potential harms to participant

generally referring to places where
DBS and/or system and/or being re-
search subject can bring potential
harm, rather than something PD con-
tributes. e.g., UX design led to overly
high amplitude set and participant dis-

comfort

Exit Interview

tech issues

Exit Interview

system install or experiments

impacting family routines

Exit Interview

participant/family attitude to-

wards installed system

Exit Interview

unsure of symptom cause/source

Exit Interview

gameifying the game

devising a game to make the game of a

boring experiment less boring

Exit Interview

gamefying INS-recharging rou-

tine

used concept from apex legends game

kids play: "recharging my shields"

Exit Interview

gameifying incentive to clear
kids from area used during ex-

periment times

joked with kids "you’ll get open

pose’d"

Exit Interview

insight on what to ask re par-
ticipant comms set-up in future

studies

Exit Interview

seems to be guessing re study

design points

Humans will try to “play by the rules”
— or, if co-designing, will help you

achieve your stated goals

Exit Interview
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Code name

Memo

Modality

Built office shelf to store/orga-
nize all the hardware compo-

nents

G-chat

created experiment guide

Exit Interview

looked into code issues with 3D G-chat
pose
frequent device troubleshooting G-chat

tried timing experiments to
make data easier for researchers

to slice

Exit Interview
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