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ABSTRACT 1 INTRODUCTION

We report on design-focused inquiry into future multiple sclerosis
(MS) healthcare; including a multi-stage design process with expe-
rienced MS clinicians, and formative evaluations with people living
with MS. MS is a chronic, progressive, and unpredictable inflamma-
tory neurological disease of the central nervous system that affects
at least 2.8 million people worldwide. Walking impairments affect
up to 85% of people diagnosed with MS. Responding to this, our
focus is on design for longitudinally monitoring mobility, and in
particular using wearable sensors that generate data on gait metrics
to support clinical and self-care decision-making. We contribute to
HCI research in three ways: (1) a detailed case study design pro-
cess, including artifacts; (2) metaphorical framing concepts, with
associated use cases illustrated through design scenarios; and (3)
understanding of virtual-first practices in rehabilitation medicine
that can be translated beyond MS care.

CCS CONCEPTS

« Human-centered computing — Empirical studies in HCI;
Empirical studies in interaction design.
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In this paper we present a multi-stage inquiry into digital support
for Multiple Sclerosis (MS) healthcare. We report on four rounds
of design activities with experienced neuroligic physical therapists
(PTs), as well as survey and formative design evaluations with
people living with MS (PLWMS). Our work is framed by an over-
arching concern to support effective and timely decision-making
through augmenting and contextualizing data about gait metrics
generated during everyday activities. Similar to [70], we approach
this through a lens of designing for future healthcare work. This per-
spective complements recent HCI research focusing on the self-care
needs of PLWMS, and those affected by similar chronic neurological
conditions [7, 8, 53].

1.1 Background to Using Wearable Sensors in
Multiple Sclerosis Gait Assessment

MS is the most common inflammatory neurological disease of the
central nervous system (CNS) among young adults [26, 73]. Affect-
ing at least 2.8 million people worldwide [81], MS has an estimated
prevalence rate in the US of more than 900,000 [80]. It is a chronic,
progressive, and unpredictable condition that carries a great deal
of uncertainty for PLWMS [1, 20], and also for clinicians who pro-
vide treatment [14, 38, 55]. Because of this, there is a strong desire
for more and better information that can support increased un-
derstanding of the condition [44], effective personalized treatment
and rehabilitation [36, 64], and a greater sense of agency [6]. Walk-
ing impairments are among the most frequent and debilitating
symptoms, affecting up to 85% of PLWMS [40]. Yet, walking im-
pairments can be responsive to treatment when identified early
[15]. As a result, assessing changes in a patient’s gait has become
a critical metric in routine clinical evaluations for MS. However,
assessment and characterization of gait impairments typically relies
on clinical observation of patients completing standardized tests,
such as a timed 25-foot walk, measured manually with a hand-
held stopwatch during scheduled outpatient appointments [45, 66].
This can mean that clinical assessments lack timeliness and fail to
accurately reflect community ambulation [46], while reliance on
clinical appointments risks increasing disparities in access to care
(28, 42].
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Quantitative gait analysis can help address limitations in stan-
dard mobility tests, but has typically involved specialized laborato-
ries and complex equipment [34], resulting in restricted accessibility
[11]. Wearable sensors with IMUs can help to reduce these require-
ments and augment observational assessments in clinics [27, 56].
They have shown repeatability and accuracy in estimating gait
parameters like velocity and step length [59, 84], and when com-
bined with machine learning (ML) have been used to identify motor
progression [74]. However, in-clinic assessments (whether observa-
tional or based on data from wearables) offer a lens on understand-
ing a person’s gait in a standardized and controlled environment
that is unrepresentative of functional mobility in community set-
tings, at best providing a measure of capacity, rather than capability
or better still performance [31]. Wearables also have potential to
help bridge this gap between controlled clinical settings and quasi-
continuous remote monitoring [11, 63], and thereby support more
ecologically representative community gait assessments by helping
identify changes in gait patterns and track the efficacy of pharmaco-
logical or rehabilitative interventions [57, 60, 79]. However, outside
of clinical settings research has typically focused on measuring
mobility capacity at a physical activity level [12, 84]. Moreover, the
data wearables provide lack key contextual information necessary
for explanatory power [70]. This is because mobility is complex,
and among other things, is also reflective of a person’s affective
state and cognitive functioning, and responsive to interactions with
the physical, social, and ambient environment [16, 77]. Increased
contextual insight may result in more responsive interventions, and
support personalized rehabilitation treatment [36, 64]; while better
understanding the underlying cause of a particular symptom and
its relationship (if any) to MS, can help support agentic self-care
practices [6, 53]. In this paper we adopt a design perspective to
investigate challenges and opportunities in using quantitative data
about gait metrics, generated using wearable sensors, to provide
insight into mobility and community ambulation in the context of
MS care.

1.2 CONTRIBUTIONS

This paper contributes to HCI research in three ways. First, we
present in detail a case study design process that includes remote
collaborations with healthcare professionals and PLWMS, including
documentation of our process and artifacts. Second, we present a
set of metaphorical framing concepts to guide interaction design
in this and similar contexts, and provide examples of their use in
storyboard design scenarios illustrating how digital technologies
might help monitor gait and mobility to better understand the
progression of chronic conditions. Third, we contribute to HCI
understanding of virtual-first practices in rehabilitation medicine
that can be translated for use-cases beyond MS care.

1.3 Research Context

This research was conducted within the context of a collabora-
tion between our university’s schools of engineering and medicine,
investigating changes to healthcare work introduced by digital tech-
nologies associated with telehealth and other virtual-first practices.
It is situated in our university medical center, an urban academic
institution and tertiary care centre, encompassing five hospitals
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and over 350 neighborhood clinics, and based in a large and densely
populated city in the northeastern US. The authors of this paper
are long-term collaborators experienced in HCI and biomedical
research and design, as well as clinicians that treat patients with a
range of neurological conditions including MS. None of the authors
are living with a diagnosis of MS.

2 RELATED WORK

Similar to the work we present here, Seals et al. [70] investigates
how quantified data about gait metrics might support the work of
clinicians treating patients with MS. In contrast to this paper, Seals
et al. approaches this challenge as primarily a data visualization
task, creating a design prototype to probe clinicians’ needs. Seals
et al. finds that clinicians view these data as a potentially powerful
lens into a patient’s experience beyond the clinic, but would need
additional context to support sense-making with regard to the data
being visualized. For example, showing the activities being repre-
sented and related environmental conditions. Seals et al. also finds
that clinicians’ sense-making is likely to focus on a patient’s func-
tional performance, such as maintaining community ambulation
and safety, particularly with regard to increased fall risk. Moreover,
that this should be considered in the light of specific functional
goals. Finally, Seals et al. highlights an important tension between
visualizing data so that key information is immediately available to
clinicians, while also creating opportunities for exploratory data
analysis. However, limited consideration is given to the role of
PLWMS beyond gathering and sharing gait and mobility data.

In contrast, Ayobi, together with various colleagues, presents a
longitudinal inquiry into monitoring MS symptoms and experiences
from the perspective of people living with the condition [6-8]. In
an ethnographic study of existing practices that included disease
monitoring, fitness tracking, and life-journaling, Ayobi et al. [8]
highlights how important it can be for PLWMS to try to gain a
sense of control over the disease. This was reported as a strong
motivation for starting self-tracking practices, which could lead
to positive outcomes with regard to self-care. Building on this
initial study, Ayobi, Marshall and Cox [7] highlights the role that
personally meaningful metrics and representations can play in
helping PLWMS build a greater sense of agency over the disease;
and suggests that customizable and pictorial self-tracking tools can
promote mindfulness in ways that predefined tools focusing on
normative indicators may not. Ayobi [6, p.145-148] further suggests
that designing for individual agentive capacities is important as
it respects peoples’ changing priorities and relationships to self-
tracking activities. It should be noted that this body of work focuses
on self-motivated people with a preexisting interest in self-tracking
practices. Also that the relationships of participants with their
healthcare providers receives limited consideration.

Wendrich et al [83] also presents an interview study exploring
experiences and perceptions of self-tracking with PLWMS. In this
study, which pays closer attention to relationships with healthcare
providers, participants again suggest a need for self-tracking tools
that can be adapted to personal situations, but also indicate a desire
that self-monitoring data be fully integrated into treatment plans.
This, the authors suggest, would result in better informed clinicians
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who could offer guidance on how data generated through self-
tracking might provide value to patients. Building on this initial
work, Wendrich and Krabbenborg [82] presents an interview study
with participants in a longitudinal MS self-tracking program. This
study finds that participation in research, and a desire to contribute
knowledge that will benefit other people living with MS, could be
stronger motivations for adherence to the program than personal
self-management of MS symptoms. Moreover, that this motivation
remains persistent despite participants noting the inconvenience of
self-monitoring tasks, and the emotional burden of self-monitoring
being a reminder of MS.

Marziniak et al. [51] reviews literature on clinical trials of remote
MS healthcare, including symptom tracking, with a focus on the
efficacy of the interventions that were trialed. The authors note that
the high-level of technology adoption by PLWMS in the US and
Europe offers opportunities for improved care. However, similar to
Wendrich and Kabbenborg [82], they also suggest that for PLWMS
repeated self-tracking tasks can can feel intrusive and act as an
unwelcome reminder of the condition. Marziniak et al. also suggests
that the need to manage and respond to high volumes of data
generated by self-tracking practices may discourage widespread
clinical adoption.

Nunes, Andersen and Fitzpatrick [53] investigates in-person and
online interactions that people living with Parkinson’s disease (a
chronic neurological condition manifesting symptoms that share
similarities with those observed in MS) have with their clinicians.
The authors contrast findings that highlight the agentic role peo-
ple living with Parkinson’s play in their own healthcare with a
review of contemporary self-tracking technologies, and highlight
opportunities for richer participation in shared decision-making.
In prior work, Nunes et al. [54] presents a review of HCI research
into self-care technologies used by people living with a range of
chronic conditions. Self-care in this research is broadly defined as
being concerned with managing symptoms, treatment, emotions,
and lifestyle changes, influencing the course of a condition through
practical everyday actions, and maintaining a satisfactory quality
of life for as long as possible. The authors highlight a series of de-
sign tensions, in particular those between patient autonomy and
clinician control, and devices focused on medical symptoms or lived
experience.

In the following sections we build on this prior literature by
presenting our inquiry into how wearable sensors might support
greater understanding of how MS impacts mobility, leading to walk-
ing impairment. We return to possible tensions between monitoring
and self-tracking, from the perspectives of providers and patients,
in our discussion section 7.

3 METHOD

We present design inquiry into digital support for MS healthcare,
focusing on the use of wearable sensors to generate data on gait
metrics and provide insight into walking impairment; thereby sup-
porting clinical decision-making and agentic self-care. The process
we describe was guided by prior literature on research through de-
sign (RtD) [86, 88] and co-design [67], which describes approaches
that adopt design practice methods and capture knowledge in the
artifacts created. To report on these processes, we carefully describe

599

DIS 24, July 01-05, 2024, IT University of Copenhagen, Denmark

key activities at each stage, outline our analysis and findings, and
introduce metaphorical framing concepts (see section 3.1). These
framing concepts were used to help bridge analytical and generative
processes, and in guiding design choices by characterizing some of
the potential roles for digital technologies in MS healthcare. They
help to support key activities throughout, in particular we used
them in helping to document and reflect on design judgements
[10, 24], and to identify preferred states and make explicit new
framings as they emerge [21, 89].

In section 4, we report on a multi-stage design inquiry process
undertaken with clinicians from our university medical center. This
includes two rounds of interviews (see sections 4.1 and 4.2), a gen-
erative co-creation activity using a set of digital healthcare design
cards we created for the project (see section 4.3), and an early-stage
design evaluation using a speed dating approach with storyboards
representing three design ideas (see section 4.4). Each of the meth-
ods, including our approach to analyzing the data collected, is
described in detail as part of our reporting on the particular activity
in question. Following this, in section 5, we report on initial work
investigating the perspectives of PLWMS. This includes analysis
of data from public Reddit forums, a survey of PLWMS, and inter-
views and formative evaluation sessions conducted with PLWMS.
Again, each of these methods, including the analysis approach, is
described in detail when we report on the activity in question.

The starting point for our inquiry was an interest in future prac-
tices in MS healthcare. It has been framed by our prior research
interviewing diverse neurological clinicians, and findings reported
in HCI literature. In particular, Seals et al. [70] highlight: (1) the
importance of fall risk to patient safety and community ambulation
to patient independence; (2) the need to contextualize gait data
with a patient’s individual circumstances, everyday activities, and
particular treatments; and (3) opportunities to support collaborative
goal-agreement and decision-making. It is additionally informed
by HCI research indicating that self-tracking can support self-care
practices and help build a sense of agency and control [6, 53]. This
research was conducted under the approval of our university’s
Institutional Review Board (IRB-FY2021-5295).

3.1 Framing Concepts

At each stage of our design inquiry we generated metaphorical
framing concepts as a way to represent findings and help guide
design judgements. These are first presented and explained within
each design activity (e.g., 4.1.2). A full listing is then provided to-
wards the end of this paper in Table 1, as part of our Summary and
Synthesis (section 6) where they are illustrated in storyboard scenar-
ios; and where we show in more detail how these framing concepts
are represented in the design ideas that were selected for story-
boarding. These framing concepts allow us to characterize different
roles that technologies might play in supporting the work practices
of clinicians and the self-tracking practices of PLWMS. We think of
these framing concepts similarly to the way that Lawson and Loke
[43] used framing concepts to describe different roles that an artifi-
cial intelligence (AI) might play in computer aided design. Because
they are intentionally ambiguous and low on prescriptive detail,
these framing concepts allow us to explore and evaluate different
options, and suggest ‘how might we?’ questions during ideation.
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Depending on the situation, we can respond to these concepts in
ways that are either more speculative or more pragmatic. Our use
of these framing concepts builds on prior research showing: (1)
that metaphors help designers to translate between familiar design
types and particular situations [61, 68], and perceive new features
relevant to the problem at hand [69]; (2) that shows metaphors
can act as a representational tool, to show how a complex artifact
is used, and as a rhetorical device that invites deeper thinking or
reframing [23]; and (3) that highlights how during co-design activi-
ties metaphors can provide common ground where domain experts
and designers meet and share ideas [25].

4 DESIGN WITH PHYSICAL THERAPISTS

In this section we report on a design inquiry in which we collab-
orated with three experienced physical therapists (PTs) recruited
from different practices across our university’s medical center net-
work. We recruited PTs because they have particular skills, knowl-
edge, and experience in focused and hands-on rehabilitation treat-
ment that extends the expertise within our research and design
team. Each of the PTs are experienced in treating patients with MS
and similar neurological conditions, but each works in a very dif-
ferent clinical context. Over a period of nine months, we met with
the PTs on four separate occasions, twice in a group context and
twice individually. Each of the sessions took place remotely over
Zoom. Each session lasted one hour and meetings were recorded.
An initial transcript was created automatically, and subsequently
cleaned and revised. During this nine month period, our design
team also met online via Zoom on a weekly basis and occasionally
in-person for additional design activities.

o Participant PT1 is a specialist in neurologic physical therapy
with more that 15 years experience. PT1 works in a hospital
setting where people are receiving in-patient care. In the
case of people living with MS this is typically because they
are experiencing a symptom flare or have been admitted
because of a comorbidity.

o Participant PT2 is a specialist in neurologic physical therapy
and practice manager with more than 15 years experience.
PT2 works in an adult outpatient physical therapy clinic
where patients are typically receiving ongoing rehabilitation
for neurological conditions such as MS, or following a stroke
or spinal chord injury. PT2 treats people living with MS who
have a variety of MS associated symptoms at different stages
of severity.

o Participant PT3 is a specialist in orthopedic physical therapy
and practice supervisor with more than 15 years of expe-
rience. PT3 works in an outpatient clinic where the focus
is on people who have an active lifestyle, and are likely to
visit due to sports injuries or similar problems. In this con-
text, MS may be a confounding or complicating issue, or the
undiagnosed cause of underlying problems.

4.1
The first activity was a group interview and discussion in which
the first author probed on the protocols that the PTs follow in their
different practices and with different patients. Having introduced
themselves and provided a brief professional background, each PT

Activity 1: Understanding Current Practice
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was first asked to describe the type and diversity of patients they
treat, with a focus on people living with MS and similar neurologi-
cal conditions. For example, whether the patients were likely to be
newly diagnosed, how severely their symptoms present, their mo-
bility and degree of independence, etc. Following this, each PT was
asked to describe in detail what an initial appointment with a new
patient might look like. For example, descriptions of the location
and setting of the appointment, how the PTs prepared, the type
of assessments undertaken with the patient, the metrics recorded
for these assessments, the process of agreeing objectives and goals
with patients, and the patient-clinician communications that follow.
We repeated this process discussing PTs’ recurring sessions with
a patient. This initial questioning took around 40 minutes. For the
remaining 20 minutes the first author facilitated a group discus-
sion in which we attempted to unpick potential similarities and
differences between practices and the challenges PTs face.

4.1.1  Analysis. We re-watched the recording multiple times, amend-
ing the automated transcript as necessary. We then created an affin-
ity diagram [32] to identify, map, and visualize, key insights and

their relationships. This identified four key findings that informed

our first framing concept.

4.1.2  Findings: (1) PTs will typically focus on functional assess-
ments and a patient’s ability to complete everyday tasks. This in-
fluences the goals and exercise programs they agree with patients.
(2) PT clinics have limited space, and there will likely be multiple
assessments taking place at the same time. (3) PTs need to offer
support and guarding to patients, and to be present and aware of
the risk that a patient might fall during an assessment exercise; so
avoid asking them to take notes or use handheld devices to record
analog measurements. (4) Results from PT assessments may not be
available until after the initial appointment is over, and so patients
may need an additional consultation.

In this session, PT2 drew attention to the constraints and com-
plications of their clinical setting by first saying, “A confounding
variable to that is we have a very busy clinic with 17 therapists work-
ing. Okay, and one walkway and sometimes the patients are sharing a
walkway and you’re trying to step out the way. You're not supposed to
give the person encouragement too much. You’re not supposed to really
tell them too much, except for times. There’s very strict instructions
for how this test is performed you tell them that, where they are in the
six minutes at the end of each minute. So you know, we have to count
them and sometimes with a lot going that actually gets more difficult
than it seems.” And following this up later by saying, ‘T think barri-
ers for us are like literally timing and guarding. Doing some of those
things are real barriers right, so if someone needs a little bit of close
assistance we’re trying to hit the stopwatch. You know we’re wearing
it around our necks so our hands can be free, but then you’re also
getting to it at the same time, while guarding”. In response to this
activity, we were particularly prompted to consider the physical
hands-on requirements of working as a PT, and whether the wear-
able sensors and digital technologies we have been considering as
support for longitudinal and remote insight might also be used to
support hands-free measurement that could provide insight during
in-clinic appointments. This potential reframing opened up new
areas for consideration.
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Figure 1: The 4 example wearables that we presented to PTs during Activity 2, these were: (A) a wearable used by runners that is
attached to shoelaces; (B) a pressure-sensitive system for innersoles; (C) a clinical sensor for balance and gait worn on a belt

around the waist; and (D) a consumer smartwatch.

4.1.3  Framing concept: ‘The ideal assistant’ helps the clinician
maintain a clear and present focus on their patient, and supports
them with timely information. This concept reflects that PTs’ actions
and attention are primarily focused on providing physical care
and support for the patient, that taking assessment metrics can be
challenging, and that detailed reports of assessment data may be
delayed.

4.2 Activity 2: Exploring Technology-Supported
Future Practice

Our second activity was again a group interview and discussion
facilitated by the first author. This time we focused on how dig-
ital technologies might help record assessment metrics and cap-
ture longitudinal data between a patient’s visits to the clinic. We
first identified specific metrics that would be valuable to PTs and
discussed current challenges to recording them. Example metrics
included: time-taken to complete an exercise, which is currently
measured with a stop watch; distance-travelled within a set time,
which is currently measured with floor markings or a tape; gait
speed and balance, which are currently observational measures
on a qualitative scale; and fatigue and pain, which are currently
self-reported by patients using qualitative scales. Constructs such
as risk of fall or community ambulation, which are judgements
derived from PT assessments and conversations with the patient,
were also discussed.

We then showed PTs four examples of commercially available
wearables that might be used in self-tracking: (1) sensors worn
on shoelaces; (2) sensors attached to a shoe innersole; (3) a sensor
worn around the waist; and (4) a smartwatch worn on the wrist
(see Fig. 1). This was followed by a group discussion that focused
on the potential benefits and challenges of each sensor, and in
particular potential implications of where and how the sensor is
worn. For example, a sensor worn around the waist is close to to
the persons center of gravity, while a sensor worn on shoelaces
might be challenging to fit, and a sensor on an innersole might
need to be added to multiple pairs of shoes. Finally, we asked each
PT to select one of the wearables and describe how they might use
it with a patient.
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4.2.1 Analysis. Similarly to activity 1, we first re-watched the video
recording multiple times and amended the automated transcript;
and then created an affinity diagram to highlight key insights. Fol-
lowing this, we conducted an inductive thematic analysis [13] of
the combined transcripts from activity 1 and activity 2, in order to
identify cross-cutting patterns and themes. This analysis was car-
ried out individually by the first and second author, who then came
together for agreement reaching, with the last author providing an
additional assessment of the derived themes for confidence.

4.2.2  Findings. (1) Tools that support small tasks and help in prepar-
ing for daily activities, or which lead to incremental improvements

such as optimizing processes and documentation, can make an

important and impactful difference to the clinical experience PTs

offer. (2) In-clinic measurements are artificial, because the behav-
ior of others (e.g., clinicians, staff, visitors, etc.) is different in this

environment (i.e., they get out of the way), and floors are typically
flat and without curbs or similar obstacles. In addition, there are

no variations in weather conditions (e.g., heat can impact PLWMS,
and wet or icy conditions increase the risk of falling). This means

that evidence to extrapolate performance into functional ability, or

for use in selecting interventions and exercise plans, is limited. (3)
Data from wearables offer fine-grained measures that could help

identify compensations the patient might be making (e.g., when

walking) or in predicting an increased risk of falling. However, this

level of detail is in tension with PTs’ current preference for func-
tional improvements that focus the patient on quickly returning to

important everyday activities. (4) Longitudinal data can provide mo-
tivation for or validation of a patient’s functional improvement, and

so influence clinician and patient attitudes and inform education;

for example, investigating the connection or mismatch between

self-reported levels of fatigue and patterns in activity level recorded

by wearables.

During this activity PT3 highlighted the difference between in-
clinic measurements and the potential for data collected using
wearables in everyday life, saying: “It’s a truer representation of
what they’re experiencing in life, you know, because even the things
we measure in clinic are somewhat artificial. Everybody kind of knows,
to give other patients right away, you know our floors are completely
flat, and you know it’s good in the sense that it keeps you safe but
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Figure 2: A set of the digital healthcare design cards used during online co-design activities with physical therapists, with insets
showing therapists selecting cards and holding them up for the camera.

it’s a little bit artificial it doesn’t mimic the uneven sidewalks in the
city and the curbs that they have to step down and so on, the black
ice that they have to avoid”. In response to this activity, we were
particularly prompted to consider tensions between the ideal of
fine-grained nuanced understanding of a patient’s mobility and
support for PTs’ work improving functional capacity. In chronic
debilitating conditions such as MS this tension may be heightened,
because maintaining functional abilities or slowing their loss can in
themselves be major achievements. PTs use data from standardized
assessments to gain insight into functional aspects of mobility,
such as risk of fall and community ambulation. Currently this is
limited by infrequent in-clinic measures, but it offers a template for
thinking about how tensions might be eased.

4.2.3  Framing concept: ‘The data interpreter’ uses insights from
outside the clinic to monitor change and help resolve tensions between
short-term aims and longer-term consequences. This concept reflects
that PTs would love to better understand what happens outside the
clinic between visits, as this is more important yet may be very
different from what they see during appointments.

4.3 Activity 3: Co-Creation Using Digital
Healthcare Design Cards

Design is a process of making sense of things [39], and of devis-
ing courses of action aimed at changing existing situations into
preferred ones [72]. In co-design processes this typically includes
designers facilitating and guiding participants through a process
of joint imagination in order to uncover opportunities that are not
readily expressed through interview and conversation [67, 75]. To
explore possible futures more speculatively, we worked with each
PT individually, aiming to explore positive visions and to put minor
challenges to one side. This third activity followed a co-creation
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protocol (see section 4.3.2), using a custom card-based toolkit that
we created for the project, and which consists of 38 prompt cards
and two worksheets (see Fig. 2 and section 4.3.1 for more detailed
descriptions of the toolkit, and Appendix 1 for a listing of cards).
Prior to each session, a kit was printed and constructed, and sent
to the PT. The second author was the primary facilitator in these
sessions, with the first author probing with follow-up questions
where appropriate.

4.3.1 Digital Healthcare Design Cards. The toolkit we designed
consists of thirty-eight cards and two scenario worksheets. It was
informed by findings from activities 1 & 2, and our prior experiences
researching and designing digital healthcare support. It builds on
prior use of card-based methods as ideation and creativity prompts
e.g., [29, 47]. There are two main categories of cards, focusing on
how to collect data and how to represent data. The cards depicting
data collection are sub-categorized into three groups: (1) the factor
being measured; (2) the method of measurement; and (3) the part
of the body in focus. The cards depicting data representation are
sub-categorized into: (1) the modality of representation; (2) the
form factor of the device used for representation; and (3) the detail
level at which data will be presented. We also included four blank
cards in each category, to represent PT suggestions. The kit also
includes two scenario worksheets to help structure ideation: (1)
for an initial in-clinic appointment with a new patient; and (2) for
longitudinal relationships with recurring remote interactions.

4.3.2  Co-creation protocol. We first introduced the toolkit, explain-
ing each of the cards and offering PTs an opportunity to ask ques-
tions. We then introduced the design scenario, and asked PTs to
imagine they were three years into the future and everyday irri-
tations that cause technologies to not perform as expected have
been ironed out. We selected a positive near future scenario in
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A.l. Can Rank and Recommend

STRANGER THINGS

Figure 3: Examples of Al capability prompts used during ideation for design scenarios. From left to right these remind us that
Al can be used to respond to sensors, to capture and analyze speech interactions, and to make recommendations based on

patterns of prior information.

order to explore existing, and potentially familiar, technologies in
a context where commonly experienced challenges are put to one
side. PTs were then asked to imagine an initial clinical appointment
with a patient they are seeing for the first time. We asked them to
describe how an ideal experience might be created, using the cards
they selected as a prompt for discussing different technologies. We
encouraged PTs to select multiple cards and explore different al-
ternatives at each stage. We also prompted them to use the blank
cards to introduce technologies we had not included; which each
PT did on multiple occasions. PTs were asked to hold up each card
they selected and show it to the camera, and to explain the role
of their selection in the ‘ideal’ appointment. We then probed on
the pros and cons of their selection. After PTs completed the first
scenario, we probed more deeply on their selections to clarify how
their ideas should be interpreted. We then introduced a second sce-
nario, and repeated the co-creation process, this time focusing on
recurring interactions, including remote data collection and virtual
communications, as well as in-person activities. We prompted PTs
to consider things that patients and clinicians might currently have
difficulty sharing or communicating, and to think about how we
might create ideal longitudinal relationships. PTs were asked to
select a variety of cards and use blank cards to introduce alterna-
tives, and again this was followed by deeper probing on how ideas
should be interpreted.

4.3.3  Analysis . We re-watched the video recordings of each co-
creation session multiple times, updating and amending the au-
tomated transcript, and taking individual notes of things we con-
sidered important; such as selecting sensitizing quotes to reflect
PTs’ priorities. The design team then held an in-person ideation
session to synthesize findings. During this session we referred to
notes and transcripts, revisited the video recordings, and discussed
our selected quotes. We also wanted to stay sensitized to the op-
portunities that artificial intelligence (AI) offers towards mitigating
increased workloads that digitally-supported remote and longitu-
dinal care can make on on clinicians [9, 50], and so we created a
series of Al capabilities posters similar to those discussed in [85],
which were pinned up and visible as prompts. For example, “Al can
listen and transcribe” showing Zoom, “Al can rank and recommend”
showing Netflix, and “Al can estimate and predict” showing the
Redfin real estate website (see Fig. 3). Our analysis identified seven
findings, and two framing concepts. We iterated and refined our
ideas, settling on three design scenarios (see section 4.3.6).

603

4.3.4 Findings . (1) Conversation, and hearing first hand what
the patient experiences in everyday activities, like going to the
grocery store, helps PTs understand their abilities and needs, and set
goals. (2) PT goals are typically based on functional capabilities, and
set with reference to standardized test outcomes (e.g. balance and
gait) and qualitative self-reporting (e.g. fatigue). (3) Best practice
prompts or reminders, and automated comparisons to normative
data, can guide PTs’ decision-making. Insights from data can also
be linked to motivating messages and adherence reminders for
patients. (4) While data in community settings offers new insight
and opportunities to support self-management, not all data are
equal. For example, ninety-nine times out of one hundred someone
may experience no difficulty getting up out of a chair, but if that one
time happens in public in a restaurant it can have a significantly
out-sized impact. (5) MS is a chronic degenerative condition in
which capabilities differ between people and over time, and so
the value and usability of different wearables is contingent on the
particular situation. (6) Tensions can persist between the way a
patient feels and indicators found in data, such as when assessment
scores remain consistent but a patient perceives an improvement
or deterioration. (7) Data and communication should be retained
in the medical center’s electronic health records, because other
systems fall outside regulatory requirements, and limited time is
available to view data.

4.3.5 Framing concepts: (1) ‘The facilitator’ helps to open up
patient-clinician conversations, scaffold decision-making, and prompt
considerations that might otherwise be overlooked. This concept re-
flects the importance of conversation to PTs, and the role that
insight from data might play in supporting collaborative decision-
making. (2) ‘The motivator’ informs and encourages PLWMS, and
supports adaptive responses to changing circumstances. This concept
reflects the tension between time-limited PT care and the experi-
ence of living with a chronic condition.

4.3.6  Design scenarios. Our ideation session resulted in three de-
sign scenarios that each consider different temporal points in the
patient-clinician relationship, different activities, and different sup-
port technologies. They illustrate speculative implementations of
the different framing concepts generated through activities with
PTs. While it had not initially been our intention to create an over-
arching flow to connect each scenario, it became clear during re-
finement that they could be temporally ordered. Reflecting on this
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later, we found it was important as it helped PTs draw connections
and make comparisons across scenarios.

APTA (Assisting Physical Therapy Autonomously): A sce-
nario in which wearable sensors, cameras, and Al, are used to
support physical therapists during in-clinic sessions. The aim in
this scenario was to explore how technology might help in automat-
ing data collection and speed up analysis, offer recommendations
and support planning, and reduce preparatory and post-session
overhead. This scenario incorporates The ideal assistant and The
facilitator concepts.

TAMPA (Training and Motivating Patients Autonomously):
A scenario in which wearable sensors, smartphone cameras, and
Al, are used to support PLWMS in completing and fine-tuning at-
home exercise programs. The aim with this scenario was to explore
how technology might offer support for interventions and provide
improved insight into their effectiveness. This scenario incorporates
The motivator and The data interpreter concepts.

Fall Risk Monitor: A scenario in which wearable sensors, self-
reporting, and Al, are used by people living with MS and their
clinicians to gain insight into mobility in everyday situations (see
Fig. 4). The aim in this scenario was to explore how self-tracking
technology might help support functional mobility and also offer
fine-grained insight. This scenario incorporates The data interpreter
and The facilitator concepts. Fig. 4 starts by illustrating how data
might be collected in everyday settings, a key wish for PTs to help
in their understanding. This includes quantitative data about gait
metrics (e.g., blocks 3-6 and block 9) as well as brief experience
sampling prompts to probe on other factors they were concerned
about (e.g., block 7 and block 10 ‘End of day’). Switching to the PT
and Al view shows how The data interpreter and The facilitator are
combined within interactions between Billie and the Al and Billie
and Alex, and how the data and Al insights offer common ground
for Billie and Alex during their virtual appointment (e.g., blocks
15-17).

4.4 Activity 4: Speed Dating With Storyboards

The risk that design ideas will struggle for adoption or acceptance
is greater in situations where few design patterns exist, or when
speculative futures are being considered. Speed dating design ideas
with stakeholders, using low-fidelity representations, can reduce
these risks and also reveal opportunities [19, 87]. For our fourth ac-
tivity, again working with PTs individually, we created storyboards
representing each of the design scenarios from section 4.3.6 (see
Appendix 2 for additional storyboards). Prior to these sessions we
printed copies of each storyboard onto 17” x 11” paper, which we
sent to the PT in a package that also included small colored stickers.
In the sessions, 15 to 20 minutes was spent on each scenario in turn.
We asked PTs to read through the storyboard block by block out
loud and place colored stickers to indicate something they partic-
ularly liked, something they didn’t like, or something that raised
a question. Following a think-aloud protocol, we prompted PTs to
verbalize their thoughts and feelings, and explain why they were
adding a sticker. After each storyboard walk-through we went back
to probe more deeply on key points and outstanding questions.
Once all three storyboards were completed, we had a final wrap-
up to ask cross-cutting questions. Sessions were facilitated by the
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first author, with the second author supporting and probing where
appropriate.

4.4.1 Analysis. We re-watched the video recordings multiple times,
amending the automated transcript as necessary. We then con-
ducted a debrief and reflection session in which we discussed our
notes and re-visited key segments of the video from each session,
paying close attention to each PT’s use of colored stickers. This
process helped us to understand where our scenario interpretations
seemed validated and where we might be wide of the mark. We did
this, with a focus on consolidating and moving forward in develop-
ing design ideas. Our analysis resulted in six new findings and one
additional framing concept.

4.4.2  Findings. (1) Al should be used to save time and administra-
tive overhead, or standardize best practices and compliance e.g.,
automating measures, transcribing conversations, and entering
notes into the electronic health record (EHR); or suggesting ad-
justments to assessment plans, and quickly collating results with
comparison to normative data. (2) Al should not reduce PTs’ au-
tonomy and agency, but rather support critical thinking in their
role as the key decision-maker. (3) Mobility and balance data from
wearables, in combination with self-reported fatigue and pain, and
environmental information, can offer insight into how effective
interventions are outside the clinic, which is where everything im-
portant to the patient happens. (4) Al insights could help connect
the dots for patient-clinician conversations, and support planning
for mitigation strategies; but only where it is trusted enough for
PTs to offload additional data work. (5) PT patients will inevitably
finish a program and leave, which can be a source of stress to them.
Al motivation and adherence support, especially when connected
to educational support, could help this transition. (6) In practice it
is too challenging to set up cameras and video for feedback, which
requires time that is probably not available.

This activity prompted us to to reflect on where PTs might find
AT automation genuinely helpful. In the clinic this is where it can
save time and administrative overhead, or where it could be used to
help with best practices standardization and compliance or support
critical thinking; and in particular where it can reduce the need
to manually take and record measures, because they are attending
physically and mentally to the patient while the assessments are
being completed. However, greater value is likely found in Al gen-
erated insights from outside of the clinic, where ‘everything that’s
important to the patient happens’, as these might help in better
understanding the impacts and effects of intervention programs
and support collaborative planning of mitigation strategies. The
PT’s objective is to have patients finish their program and leave,
which can be stressful for the patient. Al also offers opportunities
to help in this transition, and support adherence to agreed plans
e.g., through tailored educational support.

4.4.3 Framing concept: ‘The community-based assistant’ helps
bridge the gap between home and clinic, manage day-to-day inter-
actions, and provide reliable and easy to digest insights and advice.
This concep reflects how AI might be considered a partner in the
care process, helping to interpret and act on data the PLWMS is
generating using wearables in contexts that are important to them.
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Figure 4: The ‘Fall Risk Monitor’ design scenario, an example storyboard used during speed dating activities with PTs. This
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what happens outside the clinic between visits and how insight from data might support collaborative decision-making.
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5 LEARNING FROM PEOPLE LIVING WITH MS

Continuing care is a collaboration between clinician and patient,
among others, and so we also wanted to learn from people living
with MS (PLWMS) to build on our work with PTs. To gain a wider
perspective, and avoid potential conflicts of interest, we chose to
focus our research through the Reddit social media platform rather
than recruit from patients at our university medical center. First we
analyzed public Reddit posts on subjects related to self-tracking. We
then conducted an online survey, recruiting through the subreddits
we analyzed. Finally we conducted formative evaluation interviews,
recruiting from participants who had completed the survey.

5.1 Public Reddit Forums

In recent years, the social media platform Reddit has become widely
used as a source for research data, and as a place for recruitment
to survey and interview studies. This is due largely to it’s sub-
reddits that support communities focused on particular topics of
shared interest or concern [2, 62, 71]. To gain some initial insight
into how PLWMS engage with wearable devices and self-tracking,
we identified 4 subreddits where experiences are shared publicly:
‘r/MultipleSclerosis’, ‘r/MultipleSclerosisWins’, ‘r/MultipleSclero-
sisLife’, and ‘r/MultipleSclerosis_MS’. Our selection took into ac-
count activity levels on the subreddit, including subscriber count,
and frequency and volume of engagement (measured by posts and
responses). This information was obtained from subredditstats.com.

5.1.1  Analysis. Using the Python PRAW (Python Reddit API Wrap-
per) library to connect to the Reddit API, we retrieved a list of thread
topics, together with ‘post id’, ‘author’, ‘title’, ‘self text’, ‘count of
comments’, ‘upvote count’, ‘upvote ratio’, and ‘flair’ fields. This
generated a data set of 1,396 initial thread posts that covered the
period November 2012 to May 2023 (NB. ‘r/MultipleSclerosis’ is
by far the largest and longest standing of the subreddits and so
provided the majority of posts). We conducted a simple key word
search for the terms ‘track’, ‘monitor’, and ‘quantify’, from which
we identified 8 threads that discussed self-tracking and monitoring
symptoms. We then read through the full list of thread titles in order
to check we had not missed anything obvious, looking more closely
at the message text where it might be concerned with self-tracking.
This identified one additional post on the topic of ‘self-advocacy’.
We then pulled all of the replies to these comments, a total of 168
comments. We first did a quick read through each of the comments
to see which threads were relevant to our topic, which removed
3 of the smaller threads and left us with 125 comments (NB: the
final data set was made up of comments that all came from ‘r/Multi-
pleSclerosis’). These we read closely to identify informative themes,
resulting in six findings.

5.1.2  Findings. (1) Tracking MS symptoms was not a topic raised
frequently within these forums. (2) Tracking MS symptoms was
most often discussed as requiring a manual record, as each person’s
needs are different. (3) Wearables are used to track sleep and/or
activity, or to monitor temperature, reflecting the impact that heat
and fatigue can have on PLWMS. This was discussed with respect to
adjusting behavior or being prepared for ‘bad days’. (4) Reassurance
from fall monitoring was an important motivation for having a
wearable, but was discussed as preparation for the future rather
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than a current need. (5) Wearables and self-tracking data were also
used to highlight achievements, and show that a diagnosis of MS
does not become the defining factor about a person. (6) For some
PLWMS who contributed to the subreddits, tracking symptoms
was viewed as an unnecessary reminder of MS that offered no real
benefits.

5.2 Formative Evaluation Survey and Interviews

We posted to each of the subreddits recruiting for survey partici-
pants. The survey asked for simple demographics and time since the
respondent’s MS diagnosis. It then probed on how the respondent
experiences a range of MS symptoms and whether they currently
track these or would like to track them in future. We also included
a free-text field for respondents to provide any further details they
wished, and asked whether they would be willing to evaluate and
discuss our design ideas. We received a total of two hundred and
twenty six completed surveys. However, during our analysis we
noticed that two hundred and four were made within a single four
hour period and contained repetitive similarities in the free text
field. Putting these responses to one side as a precaution, we were
left with twenty-two completed surveys that we read closely and
compared to our subreddit analysis, providing two additional find-
ings:

5.2.1 Findings. (1) Around one quarter of respondents currently
tracked one or more MS symptom, and a similar number replied that
tracking is not helpful. Half of the respondents indicated a future
interest in self-tracking. (2) Desire for future tracking was linked
to gaining a better understanding of whether any new symptoms
that occur might be caused by MS.

5.2.2  Evaluation Interviews. We then recruited three survey re-
spondents for interview and formative evaluation of our Fall Risk
Monitor design scenario. To reflect our design scenario, we recruited
participants with a relatively recent MS diagnosis and high levels
of functional mobility. We met with each participant individually
over Zoom. The design scenario was shown to participants as a
presentation (see section 5.2.3). Sessions lasted around an hour and
were recorded. We started each session by asking the participant
to introduce themselves and say a little about how they experience
living with MS and its symptoms. We then probed on responses
they had made to our survey questions to gain deeper insight into
their perspectives on self-tracking. Following this we played a video
recording presenting the design scenario storyboard step-by-step
with a voice-over explanation. We then asked the participant for
their initial response and thoughts. Finally, we went through the
storyboard presentation slide by slide probing more deeply on the
participant’s initial responses. Formative evaluation sessions were
facilitated by the first author.

e Participant PLWMS1 was aged twenty-seven, identified as
female, and had been diagnosed with MS twelve months
prior to the interview. She did not currently track symptoms,
which she said present occasionally and are typically mild,
but indicated an interest in trying out self-tracking in future.

o Participant PLWMS2 was aged thirty-two, identified as fe-
male, and had been diagnosed with MS five years prior to the
interview. She did not currently track symptoms, which she
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said can be severe on occasion, and indicated that in most
cases tracking is an unhelpful reminder of MS.

e Participant PLWMS3 was aged thirty-four, identified as non-
binary / third gender, and had been diagnosed with MS fifteen
months prior to the interview. They did not currently track
symptoms, which they said typically present as mild but can
be frequent. They indicated an interest in trying self-tracking
in future.

5.2.3  Fall Risk Monitor Design Scenario. We updated the Fall Risk
Monitor design scenario previously presented to PTs in the speed
dating sessions, and translated the storyboard format into presen-
tation slides. Our updates included additional background informa-
tion to the project, a brief introduction to wearables and Al, and
additional detail explaining the scenario as it unfolds. The Fall Risk
Monitor scenario was selected because it is more strongly focused
on the perspective of someone who is living with a diagnosis of MS
than the APTA scenario, and because PTs had highlighted potential
drawbacks in the way video was used in the TAMPA scenario (see
4.3.6 for details). In addition, it reflected concerns that were visible
in our analysis of the Reddit posts, such as understanding fatigue
and how this might impact MS symptoms on ‘bad days’, and con-
cern over future fall risk as a motivation for using a wearable. We
created a video presentation to show participants online.

5.24  Analysis. We re-watched the video recordings multiple times,
and amended the automated transcripts as necessary. We then con-
ducted an inductive thematic analysis [13] of the transcripts from
each participant together, to identify cross-cutting patterns and
themes. The first and second authors each conducted an initial anal-
ysis individually, before coming together for agreement reaching,
with the last author providing confidence in the derived themes.
This resulted in eight additional findings and three framing con-
cepts.

5.25  Findings. (1) Self-tracking should support better understand-
ing of MS, and thereby agency over its impacts. For example, dif-
ferentiating flares from pseudo-flares, or identifying which new
symptoms are related to MS and which not. People have different
symptoms and not all are caused by MS. (2) Wearables that auto-
mate data collection are appealing, but mood and fatigue prompts
could become intrusive if they’re not sensitive to individual prefer-
ences or cognitive issues e.g., ‘brain fog’, that can impact concen-
tration. (3) Support understanding of everything that is happening
around a particular behavior by tracking trends and their influences.
For example, how does time of day or ambient temperature affect
tiredness or bad mood? (4) It can be difficult to get a timely spe-
cialist appointment outside of emergencies, so to increase control
and agency Al recommendations should help people make small
changes independently without having to wait for an appointment.
(5) Support for agency and autonomous change could also come
from Al curated resources created by medical providers or verified
and reputable experiential blogs. (6) Life continues outside of MS,
and no noticeable change is often the most desirable outcome of a
clinical appointment. (7) Focusing on personally meaningful goals
and activities can help motivation, while collecting data all the
time may highlight unexpected patterns. (8) Conducting research
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to benefit others can be a stronger motivation than self-tracking
for personal benefit.

Mlustrating our first finding, PLWMS3 highlighted challenges in
their previous attempts at self-tracking saying, “In the past, when
I’ve tried to track symptoms and stuff, it seemed like the symptoms
that I was experiencing or wanting to track, it was hard for me to
describe them in a way that was useful to track. You know, things
like my leg feels weird, you know. It’s not really like quantitative. I
can’t put a 1 to 5 rating on it or anything. It’s just things like that,
and things like levels of fatigue. It’s hard to know if I'm fatigued
because of the MS, or if 'm fatigued because I had a hard day at work
yesterday. Or if I had a hard day at work yesterday because I was
experiencing MS fatigue”. Illustrating the third finding, PLWMS2
said. “So going back to like the temperature, or if it was windy that
day, or the elevation, and what time of day they actually took a walk.
Because I do much better in the morning than I do in the afternoon. So
having that data be shared and having the Al be able to basically take
that off the desk of a medical assistant or a neurologist. I think, would
be helpful with like walking dogs. If I knew like, if the temperature
goes above 85 you walk less, you walk weirder. And I personally get
very irritated. I just get really pissy when I get too hot. So if I could
have that data collected and analyzed by Al and then it’d be like,
Yeah, maybe go on your walks between these temperatures or these
times. I think that would be helpful, not just helpful to improve mood.
I'm not necessarily a fall risk, but that would help make my life a
little better, without me having to analyze it, which is what I would
do otherwise, and which would take forever”.

5.2.6 Framing concepts: (1) ‘The personal mentor’ helps maintain
focus on an individual’s particular interests and goals; and supports
them in doing what they’re already doing, just better. This concept
reflects how the context of self-tracking is important and should
reflect the goals and interests of PLWMS. (2) ‘The trouble shooter’
helps in understanding the present and preparing for the future; and
supports independent change-making to help control the uncontrol-
lable. This reflects the challenges PLWMS can find in getting spe-
cialist help, and the opportunities that data and Al might offer
to mitigate this. (3) ‘The research partner’ helps in finding and
sharing knowledge and experiences, which contribute to better under-
standing and improved action. This reflects the desire PLWMS may
have to better understand their own experiences and symptoms, as
well as to contribute towards better medical understanding of the
condition itself.

6 SUMMARY AND SYNTHESIS

We bring together our insights in two storyboards (Figs 5 and 6),
illustrating how our framing concepts (listed in Table 1) might be
implemented. First we introduce Taylor (Fig 5), whose MS diagnosis
is recent, along with their neurologist Charlie and primary care
doctor Jesse. This storyboard illustrates how contextualized data
from wearables might support Taylor’s continued participation in
her walking club. We use reference numbers to items in Table 1 to
draw particular attention to how individual framing concepts have
been illustrated, but the concepts are also used more holistically
across these scenarios, and so this one-to-one linking is only a
partial representation of their value. In Taylor’s storyboard we
draw attention to framing concepts 2, 3, 5, 6, and 7. Following this,
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Table 1: Full listing of our framing concepts and the design activities they were derived from

Dove, et al.

Framing Concept

Design Activity

1) ‘The ideal assistant’ helps the clinician maintain a clear and present focus on
p p
their patient, and support them with timely information.
(2) ‘The data interpreter’ uses insights from outside the clinic to monitor change
and help resolve tensions between short-term aims and longer-term consequences.
3)‘The facilitator’ helps to open up patient-clinician conversations, scaffold
p P p p

decision-making, and prompt considerations that might otherwise be overlooked.
(4) ‘The motivator’ informs and encourages PLWMS, and supports adaptive re-
sponses to changing circumstances.
(5) The community-based assistant’ helps bridge the gap between home and clinic,
manage day-to-day interactions, and provide reliable and easy to digest insights and
advice.

6) ‘The personal mentor’ helps maintain focus on an individual’s particular interests

p p p
and goals; and supports them in doing what they’re already doing, just better.
7) ‘The trouble shooter’ helps in understanding the present and preparing for the
p g p preparing

future; and supports independent change-making to help control the uncontrollable.
(8) The research partner’ helps in finding and sharing knowledge and experiences,

4.1 Understanding PT’s current practice
4.2 Exploring future practices

4.3 Co-creation with cards

4.3 Co-creation with cards

4.4 Speed dating with storyboards

5 Learning from people living with MS
5 Learning from people living with MS

5 Learning from people living with MS

which contribute to improved understanding and action.

we then introduce Sam (Fig 6), who has been living with MS for
around 20 years, as well as their neurologic PT Alex, and reintroduce
neurologist Charlie. Charlie is concerned that Sam’s MS may be
transitioning and wants to monitor for early signs of change. In
Sam’s storyboard we draw attention to framing concepts 1, 2, 3, 4,
5,6, and 8.

7 DISCUSSION

We bring together our framing concepts in Table 1, and illustrate our
synthesized findings in two storyboards (Figures: 5 and 6), illustrat-
ing how they might be implemented, and representing our current
perspective on the knowledge generated during this research. Our
findings extend prior literature by highlighting the importance of
contextual information to translating data about gait metrics from
wearable sensors into insight about mobility and community am-
bulation in the context of MS care. They also point towards ways
in which this context might be framed and constrained to ease
how contextual information is captured. In so doing, they suggest
potential ways to ease previously highlighted tensions between
clinical remote patient monitoring and agentic self-tracking.

7.1 Translating Data About Gait Into Insight
About Mobility

The PTs that participated in our co-design activities described them-
selves as ‘talkers’, highlighting the crucial role of patient-clinician
conversations to their work. These conversations probe on things
beyond what the PT is seeing, and try to draw out a patient’s expe-
riences away from the clinic. This provides contextual background
that helps PTs to better understand and respond to standardized
assessments, and provides insight into what is personally important
to the patient. PTs” hopes for self-tracking data were associated
with the potential to guide and prompt these conversations, and in
particular to offer a window on the patient’s community ambula-
tion that might help in understanding the effectiveness of treatment
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interventions or patient experiences of pain and fatigue, or their tra-
jectory towards achieving functional goals. Rehabilitation medicine
is often focused on achieving or maintaining functional capabilities
[76], and so PTs suggested self-tracking data could be particularly
helpful for patients who struggle to perceive the benefits of an
intervention. Comparing data from different time points, and to
normative data or rates of expected change, could help where ef-
fects are slow and gradual, or where the goal is to slow the rate
of decline as much as possible. As the quote from PT3 that we use
in our title indicates, the gait metrics alone are of limited value,
and the PTs want to know as much as possible about the context
they were generated in. Prior work investigating cardiovascular
healthcare [3] suggests that significant time, effort and care will be
needed to support patients in interpreting and making sense of data,
so that they can participate fully in collaborative processes. While
better understanding of the sensemaking practices that will support
patients [48, 49] and clinicians [70] will help, our findings in section
4.3.4 also highlight another key insight. This was the reminder that
all data are not equal, and that the social context in which the inci-
dents they represent took place may add significant weight to their
perceived importance to the PLWMS. Insights from longitudinal
self-tracking data will likely change these clinician-patient conver-
sational practices, as was found in practices associated with patient
generated data in oncology, which became more closely focused
on validation [35]. A focus on validating aggregated data insights
might downplay a single incident as atypical, and so designers
should take care to avoid closing off opportunities for important
conversation topics when thinking about sensemaking tools.

The PLWMS who participated in our formative evaluations were
keen to stress that life continues outside of MS and that not all
change is due to the impact of MS, but also that it can be hard to
differentiate between a flare in MS symptoms or a pseudo-flare. In
this respect, understanding the context of change can be extremely
valuable e.g., in helping to unpick which new symptoms are re-
lated to MS and which not. For example, participant PLWMS?2 felt
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Taylor’s storyboard

Taylor puts the MoBility wearable on
ahead of the walking club meet up.

T AR FEALING @ fivrogite]
How aRe you FeeLwo? TiRep... RESOURCES:
% Ms
(PP e | [ Yousiowo sovert
@ ® THe DMT? REST TODAY.
o Goop P
TF YoU §TUL
v FEEL BAD
TOMORROW,
® o
TiRED @ CLINICIAN.

©

Taylor answers MoBility qualitative
prompts, triggered by taking off the
wearable. They are a little tired but

otherwise feeling good.

-~

Some days later, Taylor is at home
looking at MoBility A.l. data insights,
which show Taylor is more fatigued and
walks more slowly on days that are hotter
and more humid.

g ) HYDRATE PROPERLY LIKE
o B e
TEMPERATURE SENT AT 2:33PH
YOU MIGHT WANT To
H, TAYLOR.. TRY A COOLING VEST
LeT Me CHeck ON HOT DAYS.
DN THE DATA. SENT AT Z35P
] sewr ar 20m

Background and intro: Taylor has recently been diagnosed
with MS, their symptoms include recurring fatigue, and
occasional numbness to their left side. Taylor is a keen hiker
and member of a walking club. Taylor is concerned that
people living with MS can often experience debilitating

Taylor receives advice from the MoBility
Al e.g. “today will be much warmer and
more humid than usual, you might get
tired more quickly.”

DIS ’24, July 01-

Taylor at the walking club meet up. Data
are collected by the MoBility wearable
while Taylor hikes.

On a separate evening, Taylor is in bed
completing qualitative prompts. They note
they are very tired and have had a bad
day. Taylor notes thinking that this might
be due to effects of the DMT program.

@ HEY, DR. CHARLIE...

T AM CONCERNED
ABOUT THIS, EVENTHOUGH

Taylor sends a message to Charlie to ask
about this and to say that they are
concerned, even though the MoBility A.l.
says this is not unusual.

AAVLOR @

The MoBility A.l. suggests they rest and
reach out to a clinician if they feel the
same way tomorrow.

Later that day Charlie is looking at the
MoBility A.l. data insights for Taylor.

walking impairments, and so their neurologist Charlie has
prescribed MoBility for self-tracking, alongside a disease
modifying therapy (DMT) program. Insights from MoBility are
also made available to Jesse, Taylor's primary care provider.

At home Taylor takes off the MoBility
wearable. They receive a performance
report showing distance walked, time
taken, and average pace.

MoBility also suggests online resources
including The National MS Society blog
and message boards.

EVERYTHING LoOKS
GREAT TO ME.

DID You REST AND

TAYLOR's PHONE § l

Charlie responds to Taylor's question with
reassurances, and asks if Taylor has
followed the MoBility A.l. suggestions for
hydration and taking it easy? Charlie also
suggesting that Taylor might try a cooling
vest on hot days if things get worse.

TAILOR
[ocT 23] prp— jrp—
SMTWTHFS
:}_ NOTE T0 CHARLIE
ToDAY

B

Taylor checks their calendar and has an
in-person check-up with their primary
care provider Jesse.

Jesse looking at MoBility A.l. data insights
in Taylor's EHR immediately ahead of
their appointment. Jesse sees the notes
Taylor made about feeling bad due to
effects of DMT.

Jesse taking Taylor's blood pressure and
discussing the effects of DMT and Billie's
exercise.

Jesse adds a note to Taylor's EHR for
Charlie to check any interactions between
Billie's blood pressure medicine and DMT.

05, 2024, IT University of Copenhagen, Denmark

Figure 5: Taylor’s storyboard, a design scenario illustrating how a person who has recently received a diagnosis of MS and their
clinicians might use the MoBility self-tracking wearable and A.L system. References to particular framing concepts are circled.
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Sam’s storyboard

Sam is at their regular 6-month
appointment with neurologist Charlie.
They discuss how Sam's flares are now
more frequent and walking issues more
common.

Charlie reviews Sam's weekly insights
briefing that MoBility's A.l. has added to
their electronic health record (EHR) and
sees that Sam has been sporadic in using
the device.

Background and intro: Sam has been living with MS for
around 20 years. Over that time, they have had occasional
severe and debilitating flares. Recently these have become
more frequent. Charlie, Sam’s neurologist, is concerned this
may be an early sign of transitioning into secondary

Dove, et al.

progressive MS. Charlie prescribes using MoBility while doing
everyday activities, alongside a course of specialist physical
therapy. Insights from MoBility A.l. will be shared with Alex the
neurologic physical therapist.

Charlie prescribes MoBility, shows Sam
how to wear the device and complete the
prompts, and explains that MoBility data
updates and insights will be sent weekly
for Charlie to review.

Sam practices using the MoBility device
on a short trip to the local store.

Sam is at their physical therapy
assessment with Alex. MoBility is used to
capture gait data during 25-foot
timed-walk test.

DR. CHARLIE

NEVROLOGIST

WRITE SOMETHING
10 SAm.

7

Row waS Your
oy ?
\

® 06 o

HaVE, YoU DXPERIEACED
ANY OF THese?
o

[ — c—

i

Sam completes daily qualitative prompts
each evening. Today has been just a
regular day with no drama.

Alex is viewing Sam'’s MoBility data and
A.l. generated insights ahead of their
follow-up appointment.

Charlie adds an encouragement and
reminder prompt into Sam'’s MoBility A.l.

Sam sees the reminder set by Charlie,
which includes a link thet reminds Sam

Sam focuses on wearing the MoBility
device when they are walking their dog.

they are helping MS research.

g REMINDER:
Z
PT 5E55I0N

,

o
J

—

Sam sees that most days are just regular,
no drama days. This confirms that Sam is
generally staying well.

Sam wears the MoBility device to collect
data as they complete the at-home
exercise program Alex has set for them.

Later on, Sam gets a reminder that they
are due for a follow-up physical therapy
session with Alex the following day.

Sam's follow-up physical therapy
appointment. They wear the MoBility
device to complete the exercise program
with Alex.

Alex shows Sam the MoBility insights
from at home and in the clinic, and they
discuss an updated exercise program.

It is Sam'’s next 6-month appointment
with Charlie. They are both looking at the
MoBility data and A.l. insights, and
discussing how the program is going.

Figure 6: Sam’s storyboard, a design scenario illustrating how a person who has been living with MS for a number of years
might use the MoBility technology with their clinicians. References to particular framing concepts are circled.
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that with a better understanding of “everything that’s happening
around” a particular activity, they could have greater agency in
self-selecting mitigation actions. This resonates with prior research
that highlights the importance of personal relevance in selecting
self-tracking metrics [7], and how these connect to clinical mea-
sures and objectives [83]. However, as we discuss below, framing
and constraining the “everything that’s happening around” is a key
challenge for future research. As an example, participant PLWMS2
discussed how heat can cause fatigue that impairs their walking and
makes them irritable, and that being irritable can make it harder
to make the best choices at the time. Having data that would al-
low them to connect different factors and see patterns behind the
behaviors could help in identifying and understanding the trigger,
and prompt them to take preemptive measures to help them stay
cool. We see opportunities for self-tracking practices like those il-
lustrated in Taylor’s storyboard (Fig. 5) to indicate possible patterns
connecting fatigue, walking impairment, and bad mood. However,
we might go further and add data sources to broaden the picture
with additional context, such as ambient temperature and weather,
and use the resulting insights to offer advice such as wearing a cool-
ing vest. In this way, we see opportunities to support the everyday
self-care called for in prior research [52, 53].

7.2 Framing and Constraining Context

Our research highlights the importance of context to understand-
ing and making sense of gait metrics, in order that they support
actionable insight about mobility for PLWMS and their clinicians.
However, the concept of context can itself be elusive [22], and con-
textual uncertainty can confound these processes [5]. Because of
this, we suggest that placing constraints around what is consid-
ered, and reducing the potential for contextual ambiguity will help
PLWMS and their clinicians gain understanding and insight. Our
findings highlight the potential for achieving this by focusing the
situations in which gait metrics data are generated on the functional
goals agreed between PTs and PLWMS; and in particular through
selecting and focusing on a specific activity that is an important
motivator for the PLWMS maintaining mobility. This aligns well
with rehabilitative care’s focus on capacity[76] as well as with the
priority concerns discussed by PLWMS, and extends prior work on
self-trcking motivations. PTs and PLWMS both drew attention to
the potential for this approach to help maintain motivation, limit
concerns about privacy, and reduce the likelihood that prompts
will seem intrusive. It also facilitates more straightforward, like-
for-like comparison, and can support PTs and PLWMS in planning
individual protocols for selecting, collecting, and making sense of
data. For example, one situation mentioned was walking the dog.
Some people vary where this takes take place, and so capturing
GPS metadata for location and route information could support
insight into weather conditions [37] and terrain [30], and thereby
support greater understanding of the contexts in which mobility
is adversely affected. For others, dog walking may be repetitive
and follow the same routine in the same location, making a GPS
record less important to understanding context, as this aspect is
relatively constant. Similarly, the social context of walking might
also vary in important ways. For example, when collecting children
from school it may be important to know whether the PLWMS
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is alone or in a group with multiple children and adults, as this
is likely reflected in patterns of gait metric data but not explicitly
identified. We believe that capturing information such as this could
become part of experience sampling protocols [18, 78], and that
these protocols could also probe on factors such as mood, fatigue,
and pain, which also impact mobility. Capturing this information as
it happens offers another key benefit, as it means that PLWMS do
not have to try to remember what was happening on different days,
when their clinician is probing on a pattern in gait metric data.

7.3 Using Al to Reduce the Burden on
Clinicians and People Living with MS

While data can help in understanding important contextual factors,
care will need to be taken as the introduction of data work into
healthcare places additional burdens on all concerned. Research
has shown that virtual first, continuous and connected care [50],
such as patients’ self-tracking, creates additional work for clinicians
[9, 42] that results in digital tasks being completed outside of work-
ing hours [41, 65], and that high volumes of data may discourage
widespread clinical adoption of new digital practices [51]. Also,
that for PLWMS, self-tracking can feel like burdensome work or
provide an unnecessary reminder of MS [51, 82]. With this in mind
we introduced Al into our design scenarios to explore how routine
data analyses and straightforward patient-clinician interactions
might be supported through additional automation. Initially, we
had some concerns that Al may not seem relevant or may confuse
participants. However, we found that the PTs and PLWMS all took
the potential use of Al in their stride. For example, outpatient PTs
noted how they prepare for appointments right before the patient
arrives, and thought that AI highlights would be a useful synopsis
and conversation prompt; while for PLWMS, arranging timely ap-
pointments with specialists can be a major challenge and Al was
seen as a way to help mitigate this. With this in mind, PLWMS1
suggested that Al might monitor patterns in their data and propose
simple mitigation options for low-risk concerns that could be tried
without the need for consultation with a clinician. For example,
suggesting that they try a cooling jacket if heat appears to correlate
with fatigue that negatively impacts their mobility. If the suggested
options do not improve or resolve the situation, their clinician could
be contacted; and where suggestions did help, the clinician would
have visibility and be more informed and better able to help should
the issue return. Moving forward, inquiry should address the level
of risk appropriate in deciding on AI autonomy, particularly with
regard to how accurate and reliable predictions need to be to have
value. For example, is a self-tracking recommendation more like
route planning in Google Maps, in that it will suggest a best option
with only one or two close alternatives, or more like ranked-choice
in Amazon or Netflix? And are there similarities between how a
Nest learns patterns of activity to automate changes in heating and
cooling? Prior work that offers guidance in how to approach these
concerns, includes: support for human-AI collaboration in mixed
initiative settings [33]; the use of metaphor to identify assumptions
with regard to what is known and what unknown in designing with
AT [23]; and on how co-design ideation with Al can consider feasi-
bility as well as desirability [85]. In the context of longitudinal care
for a chronic debilitating condition, it is also necessary to remain
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open to ways motivations and configurations might vary over time,
as situations and symptoms change.

7.4 Easing Tensions Between Clinical Remote
Patient Monitoring, and Agentic
Self-Tracking and Care

A key aspect highlighted by previous research, in particular Nunes
et al. [54], is a tension between patient autonomy and clinician con-
trol, where devices are focused either on medical symptoms or the
patient’s lived experience. This reflects wider tensions in healthcare
self-monitoring that can be seen in the contrast between strong
clinical concerns about adherence [42, 58] that are critiqued in HCI
[52]. We believe that this emerges from and reflects different dis-
ciplinary motivations and priorities. For example, HCI research is
typically conducted with self-selecting and motivated participants
e.g., [4, 8, 53], while clinical self-monitoring studies are rooted in
at-home hypertension and diabetes monitoring and has typically
included those who can struggle to participate fully for any numbe
of technical, financial and social reasons [17]. Our findings suggests
these tensions can be eased in at least two ways. First, focusing on
functional goals and priority activities helps because it builds on
shared objectives and brings divergent motivations closer together.
In this way it can also help mitigate situations where PLWMS find
the activity of self-tracking to be burdensome work or an unnec-
essary reminder of MS [51, 82]. Our evaluations with PLWMS also
highlighted important nuances in how we might think about this.
For example, MS can be a cause of changing mood and the cog-
nitive impairment PLWMS3 described as ‘brain fog’, which can
increase the cognitive demands of self-tracking. However, while
self-tracking might sometimes seem annoying or intrusive, timely
help in understanding the cause of new symptoms, distinguishing
flares from pseudo-flares, and planning mitigation tactics, can also
provide important help and be a reason to complete experience sam-
pling prompts or remember a wearable. We illustrate this in our de-
sign scenario in Fig 5, which shows MoBility notifying Taylor of the
potential for raised temperatures as they are preparing to go to their
walking club meet up, and later facilitating self-care in response.
Second, contributing to research can also be a strong motivation.
PLWMS2 suggested that benefiting others would be more likely to
motivate continued participation than self-tracking for its own sake.
A similar finding is reported in [82], and we reflect it in our design
scenario Fig 6. However, this is a design opportunity that has yet to
be explored in depth. PLWMS2 compared it to posting on subreddits,
where people commonly join to ask questions, but over time tran-
sition into a source of knowledge and reassurance, and suggested
that providing reminders of the ongoing and long-term results
from research, at each instance of self-tracking, would be a great
opportunity to feel like “I got to see something good is happening”.

7.5 Limitations and Future Work

While our research provides initial pointers to how these tensions
might be eased, we also acknowledge that our design process was
skewed towards the perspective of clinicians. We undertook four
rounds of design activities with PTs and just a single round of for-
mative evaluations with PLWMS. These choices have consequences,
and our framing concepts were primarily informed by the needs
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and desires of clinicians. The first five of these emerge from our
interactions with PTs, and share a common theme of helping clin-
icians gain insight into the experiences patients have outside of
clinical appointments. In our design scenarios this manifests, for
example, in our including experience sampling prompts that help
to contextualize data about gait metrics for the benefit of PTs’ un-
derstanding. While the final three framing concepts emerge from
interactions with PLWMS, two of these focus broadly on supporting
adherence (The personal mentor and The research partner), while
only one (The trouble shooter) aims at supporting similar insight
and understanding for PLWMS that we offer PTs. This manifests,
for example, in our design scenarios requiring PLWMS to make
appointments with clinicians when their own understanding of
gait metrics data requires a detailed explanation. While this reflects
current power and knowledge relations in medicine, it is not a
necessity from a design perspective. In our ongoing work, which
will be reported in future research papers, we are starting from the
perspective of PLWMS and conducting design inquiry to explore
competing and complimentary needs and desires. This will result
in a different set of framing concepts. Making things explicit in this
way will support reflection on design judgements and trade-offs
when bridging the perspectives of clinicians and PLWMS.

Beyond this, there are three main limitations to be acknowledged.
First, this exploratory design-focused study engaged with a limited
number of practitioners, focusing on PTs in a single medical center
system. This is mitigated by our longitudinal approach, which al-
lows for deeper engagement with PTs than interview alone, and by
revisiting data from our prior studies. However, hospitals and care
sites differ in complex ways, as does the work of healthcare prac-
titioners, with significant implications for transferability. Second,
this research engages with only a small number of PLWMS, and re-
cruitment was restricted to Reddit, further limiting scope and reach.
Our future research will probe a broader range of experiences e.g.,
by recruiting through Facebook groups and the National MS Society
message boards, and also consider carers and others who may be
impacted. Third, our design iterations have so far been been con-
ceptual. While this allows for valuable ambiguity in the early stages
of design, different stages of prototyping introduce different chal-
lenges and opportunities. Moving forward, our work will progress
through iterations of exploratory prototyping at different levels of
fidelity and with different technical capabilities implemented.

8 CONCLUSION

In this paper we present design inquiry into how self-tracking using
wearable sensors might be incorporated into the healthcare and
self-care of people living with multiple sclerosis (MS). We detail a
multi-stage process that includes longitudinal inquiry with physical
therapists (PTs), analysis of public Reddit forums, and formative
evaluations with people living with MS (PLWMS). We present de-
sign scenarios and storyboards that illustrate how changes in gait,
mobility, and balance, might be monitored to facilitate timely diag-
nosis of walking impairments, which are among the most common
and debilitating symptoms of MS. We offer framing concepts to
guide interaction design in this and similar contexts, and contribute
to HCI understanding of self-tracking in rehabilitation healthcare.
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Finally, we contribute to HCI understanding of virtual-first prac-
tices in rehabilitation medicine that can be translated for use-cases
beyond MS care.
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A APPENDIX 1: DIGITAL HEALTHCARE DESIGN CARDS

This design kit is intended to support clinicians in exploring how emerging healthcare technologies might better support existing practices,
and inspire opportunities for new interactions with patients. The kit includes a pack of inspirational prompt cards, focusing on tools to
collect healthcare data and tools to represent healthcare data, and a worksheet to support sharing future healthcare design scenarios. The kit
is intended to be used collaboratively by healthcare professionals and designers. To use the kit, clinicians are asked to imagine themselves in
near future scenarios and use the cards as inspiration to describe ideal patient-clinician interactions.

The kit includes a single 2-sided worksheet used to structure design activities focused on different scenarios. Each scenario is set 3 years
into a fictitious future where technology has developed to the degree that data can be collected, shared, and represented, without the
frustrations and IT challenges currently typical.

Body part * Body part * Body part w Body part w
Body part * Factor being measured Factor being measured Factor being measured
g
4
.
Factor bslng measured Factor belng measured How to collect data 2 How to collect data £
How to collect data 2 How to collect data £ How to collect data z
' q
‘@‘

Figure 7: Digital healthcare design cards representing how to collect data, from the toolkit we created for co-creation activities
with PTs.
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Figure 8: Digital healthcare design cards for how to represent data, from the toolkit we created for co-creation activities with

PTs.
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B APPENDIX 2: ADDITIONAL STORYBOARD SCENARIOS

S1. Assisting PT Autonomously - APTA (Patient’s 1st session)

Start of the day

Alex (P.T)) attaches APTA

During appointment

Receive Billie (1st session)
Have a conversation with Billie

At the gym, APTA controls cameras to
follow Billie and Alex

APTA is still active in the background
capturing the conversation between
P.T. and patient

After gym

sy

APTA provides assessment scores
Alex and Billie discuss assessment
scores and patient’s goals

APTA tells Alex the day’s appointments
on calendar

APTA finds time slots according to
gym's and P.T. availability*

APTA does this to all P.T.s that work at the clinic

R=

APTA listens to conversation in the
background and plans initial
assessments

Dynamic exercises

= Camera follows the patient's
movement to record exercises
APTA helps Alex to time exercises
and records Billie's movement and
mobility metrics

Alex and Billie review key segments
from assessment video

Before appointment

Before receiving Billie (patient), APTA
summarizes information about Billie
from EHR

Alex sees APTA's suggestions and
refines the initial assessments to be
completed at the gym

Static exercises
APTA keeps helping Alex to time
exercises and records Billie's
movernent and mobility metrics

il

APTA generates an initial exercise plan
for Billie

Alex and Billie discuss and adjust the
exercise plan, according to agreed
goals

APTA adds session information into
Billie's EHR and MyChart

—
=

———
—=
[ —
/- —
/o

APTA suggests some conversation
prompts according to Billie’s history

Alex fits the wearable sensor on a belt
around Billie's waist
They head to the gym

CALLVLPTING.
REHLTS

o #) )
PR

@

APTA calculates assessment scores
APTA analyzes video and extracts key
segments

EXERUISES PLAN
O——

APTA generates a digital plan with
video examples of the exercises to
send to patient

Figure 9: APTA, a system for proactively providing information and managing support tasks during in-clinic sessions, responds
to commands in a variety of modalities, including voice for hands-free interaction. APTA also collects and evaluates data from

diverse sensors, and summarizes patient-clinician conversations and medical information, and coordinates activities across a
group practice or shared gym.
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S2. Training and Motivating Patients Autonomously - TAMPA

. TRl L
Fo, oo woex! ey
s AABILITY
ot T
)
&
Vi
4
In-person session with + Athome - Atgym « At gym « At gym (static exercises)
Alex (P.T) - Receives motivational = Setup phone's camera - Before every exercise, = Realtime feedback
= Alex and Billie agree on notification to exercise = Setupwearable sensor TAMPA provides with avatar
an exercise plan - TAMPA shows gym's - TAMPA coordinates guidance to perform
following the initial availability devices and records the exercises correctly
assessment data = Billie starts exercising
Howr ore ot posk
ajfurt mmmm}w
:I,__‘)
At gym (walking exercises) - Receives exercises progress - Checkweekly goal
= Set up camera near the after performing them progress report
treadmill « Receives prompt to rate - TAMPA suggests refined
= Wearable is recording gait difficulty level and tiredness goals and moderately
and mobility data increases difficulty
%D Alex (P.T.) point of view
) B S E S
ereroses
o
=
O mus
o Inmeneneots
[ @ 1 soex
s—
p————
Before virtual session with Billie, Alex - PT.sees an overall analysis generated +  Alex receives a one-minute video « Virtual session with patient
checks patient's updates from TAMPA by TAMPA of how the patient is doing compilation of the patient's six week = Alex and Billie share A.l. analysis,
(bigger picture) period generated by TAMPA and discuss improvements and
«  TAMPA highlights patient's areas for attention
improverments and areas that need
more work
1s
'
o \
Virtual session with patient - Virtual session with P.T. - At gym (following week)
= Alex and Billie set new parameters = Virtual meeting with Alex to = Billie is back at the gym following
based on agreed goals discuss improverments the updated exercise plan

TAMPA updates the exercise plan
Alex updates scope for TAMPA
refinements

Figure 10: TAMPA, a system for personalized training support and managing exercise programs, maintains an exercise calendar,
offers reminders and prompts to motivate exercise, collects and analyzes balance and mobility data, provides real-time feedback
to help patients improve performance, fine-tunes programs within parameters set by the physical therapist, and summarizes
multiple sessions into key highlights to support patient-clinician discussions and goal adjustment.
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