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Abstract

Background: Recent technological advances in wearable devices offer new potential for measuring mobility in real-world
contexts. Mobilise-D has validated digital mobility outcomesto provide novel outcomes and end pointsin clinical research of 4
different long-term health conditions (Parkinson disease, multiple sclerosis, chronic obstructive pulmonary disease, and proximal
femoral fracture). These outcomes also provide uniqueinformation that isimportant to patients; however, thereislimited literature
that explores the optimal methods to achieve this, such as the best way to visualize patients’ data.

Objective: This study aimed to identify meaningful outcomes for each condition and how to best visualize them from the
perspective of end users.

Methods: Using a Delphi-type protocol with patients as subject matter experts, we gathered iterative feedback on the cocreation
of visualizationsthrough 3 rounds of questionnaires. An open-ended questionnaire was used in round 1 to understand what aspects
of mobility were most influenced by their health condition. These responses were mapped onto relevant digital mobility outcomes
and walking experiences and then prioritized for visualization. Using patient responses, we worked alongside researchers,
clinicians, and a patient advisory group to develop visualizations that depicted a week of mobility data. During rounds 2 and 3,
participants rated usefulness and ease of understanding on a5-point Likert scale and provided unstructured feedback in comment
boxes for each visualization. Visualizations were refined using the feedback from round 2 before receiving further feedback in
round 3.

Results: Participation varied across rounds 1 to 3 (n=48, n=79, and n=78, respectively). Round 1 identified important outcomes
and contexts for each health condition, such as walking speed and stride length for people with Parkinson disease or multiple
sclerosis and number of stepsfor people with chronic obstructive pulmonary disease or proximal femoral fracture. The consensus
was nhot reached for any visualization reviewed in round 2 or 3. Feedback was generally positive, and some participants reported
that they were able to understand the visualization and interpret what the visualization represented.

Conclusions: Through the feedback provided and existing data visualization principles, we developed recommendations for
future visualizations of mobility- and health-related data. Visualizations should be readable by ensuring that large and clear fonts
are used and should be friendly for people with vision impairments, such as color blindness. Patients have a strong understanding
of their own condition and its variability; hence, adding additional factors into visualizations is recommended to better reflect
the nuances of a condition. Ensuring that outcomes and visualizations are meaningful requires close collaboration with patients
throughout the development process.

(IMIR Form Res 2025;9:68782) doi: 10.2196/68782
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frailty and mortality [5,6]. Hence, it is essential to be able to
measure walking accurately and meaningfully convey these
data to patients to provide insights into progress and changes
in their condition over time.

Introduction

Background

Mohility refers to the ability to move freely and easily to carry
out activities of daily living and refersto movement in all forms,
from moving out of a chair to walking [1]. It is necessary for
daily tasks, participating in social activities, and maintaining
independence [2]. Mobility isameaningful aspect of health for
individuals across multiple health conditions and plays alarge
rolein their physical, social, and psychological experience[3].
In conditions where motor symptoms cause functional

Recent technological advances in wearable devices (such as
body-worn sensors) offer new potential for measuring mobility
continuously in real-world contexts (collectively termed digital
mobility outcomes [DMOs]). This in turn presents the
opportunity for novel insights into aspects of health that are
important to patients, such as their real-world walking speed
and daily step count [7]. Crucially, providing individuals with
impairment, understanding an individual’s walking, posture, ~accessto, and insights from, their own data from such devices
and how they move isimportant for measuring and monitoring 1S  linked to  patient autonomy, enhanced health
condition severity [4]. Specifically, walking is an important ~Professional-patient communication, and improved compliance

clinical measure whereby factors such as walking speed and
stride length can predict functional decline and increase risk of

https://formative.jmir.org/2025/1/e68782

with physician recommendations through the enhanced trust
between patients and those involved in their care [8-12].
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However, the effectiveness of this feedback hinges upon the
meaningful ness of the outcometo patients, particularly whether
their symptoms and symptom burden can be reflected by the
outcome and be interpreted by patients [13-15].

Integration of the wearable devices into health care systems
presents significant challenges in the visualization of the
complex dataand the insightsthese generate [16]. Mobility can
be affected by multiple factors, such as changes in symptoms,
environmental factors, and medication, which creates challenges
and added complexity when communicating insights from the
data [17-19]. Hence, it is essential to ensure that data
visualizations are both accessible and understandable to both
patients and clinicians and reflect the nuances of patients
mobility while also representing meaningful aspects of their
health [14,20,21]. Creating visualizations that enable an
individual to cometo afull understanding of a person’s overall
health condition can be challenging; hence, several approaches
have been attempted without one prevailing approach [19]. In
previous visualizations from wearable devices, a range of
traditional visualization approaches, such as radar plots, bar
charts, line plots, and box plots, have been used, aswell asmore
novel approaches, such asacalendar depicting 6 months of data
in 1 visua [21,22]. Consequently, exploring data visualization
preferences is important yet nuanced, and the creation of the
visualizations requires an understanding of the patient
experience.

Objectives

Thiswork builds upon the efforts of the Maobilise-D consortium
to validate DMOs and provide novel insights into severa
long-term health conditions, including Parkinson disease (PD),
multiple sclerosis (MS), chronic obstructive pulmonary disease
(COPD), and proximal femora fracture (PFF) [17,23-25].
Research has been carried out to establish the technical, clinical
validity, and acceptability of wearable devices and the analytic
pipelines applied to quantify DMOs [17,23,26]. An additional
part of ensuring implementation of the methods and outcomes
is to determine how best to visualize DMO data for patients.
Consequently, this study aimed to explore patient visualization
preferences by (1) determining which DM Qs are meaningful
to individuals living with diverse long-term health conditions
and (2) identifying how to best visualize them from the
perspective of end users[12].

Previous research on wearable device data visualization has
highlighted the lack of consistent preferences regarding how
best to visualize the data. Several approaches have explored the
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use of varying levels of granularity, with some studies
attempting to visualize aday and others 6 months[21,22]. While
this was highly variable depending upon the outcome, for
mobility it iscommonto use aweek of data[18,19,21]. A major
point of interest in the literature was embedding contextual data
within visualizations, particularly in relation to clinical use to
enhance the inferences made [18,19]. Condition-related
information, such as symptoms, emotions, and medications, can
influence the lived experience, and the data from wearable
devices should be able to reflect this, as well as the time and
location of activities [27,28]. While we know specific design
approaches and elements are key to the creation of
comprehensive visualizations, it is also important to consider
the individualized nature of preferences when developing
meaningful visualizations[12]. Hence, this study aimed to map
DMOs into the lived experiences of mability and symptom
burden and explore the visualization preferences of patients
using aweek of DMO data.

Methods

Study Design

This study design was based on a Del phi methodology inwhich
patients acted as subject matter experts to iteratively provide
feedback on the cocreation of data visualizations through 3
rounds of questionnaires. It was designed in collaboration with
academic researchers of Mobilise-D and the members of the
Mobilise-D Public and Patient Advisory Group (PPAG) [29].

In total, 3 rounds were developed to explore the impact of
mobility and symptoms and how DMOs can be visualized. A
Delphi methodology was decided upon asit alows us to reach
aconsensus of patient preferenceswith an iterative, anonymous,
multistage approach with controlled feedback of commentsand
scores on a 5-point Likert scale [30,31]. The Delphi
methodology recommends 3 rounds of feedback; thefirst round
is to generate qualitative data on a topic and the remaining
rounds are to gain a consensus through Likert scales [31]. We
followed the recommended 3 round; however, the methods used
here will be described as a “Delphi-type process’ due to
deviations from Delphi-specific design elements. A key aspect
of a Delphi methodology is ensuring participants completed
previous rounds; however, due to ethical requests, this was not
possible within this study [31,32]. This process involved a
collaboration between patient feedback and researcher
refinement, as described in Figure 1.
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Figure 1. Outline of the study design, showing how the results from each round built upon each other. DM O: digital mobility outcome.

+ Please describe how your
walking is today?
« In general, how does your
walking impact your daily
activities?

Round 1

Open-ended questionnaire to
understand the patient’s
mobility and its impacts

» Mapping of responses onto
walking themes, contexts,
and DMOs
» Creation and refinement of
draft visualisations within
the research team

Visualization Data

The data visualized in this study were collected as part of the
Mobilise-D technical validation study (TVS) [23]. Participants
with long-term health conditions wore a lower back wearable
device (either aMcRoberts MoveMonitor+ or the Axivity AX6)
to provide real-world monitoring data for 7 consecutive days.
Accelerometry data were collected and processed using the
algorithms validated by Mobilise-D to produce DMOs[33]. In
addition, GPS data were collected for participants, which
allowed the data to be categorized into indoor versus outdoor.
No activity or medication diaries were collected, which limited
the contextual information available when visualizing the data.

Public and Patient | nvolvement

This research was designed with members of the Mobilise-D
PPAG [29]. In total, 4 international representatives (Belgium,
Israel, Italy, and the United Kingdom) from the PPAG (2 with
PD, 1with apreviouship fracture, and 1 with MS) worked with
academic researchers to develop each round of questions and
visualizations to ensure they were appropriately worded and
constructed and that the conclusions drawn from the data in
each round were meaningful. Dueto theinternationa and remote
work involved in the PPAG, perspectives of the digitally
excluded unfortunately could not be included with the team.

Recruitment

Peoplewith PD, MS, COPD, or aprevious hip fracture primarily
from Europe (British, Irish, Norwegian, and German) were
invited to participate in this web-based survey Delphi-type
study. Patientswere purposively recruited from news etters sent
out to various patient charities and organizations (including
Voice, MS Society, and Parkinson’s UK), social media, and
through existing Mobilise-D clinical sites. A sample size of
between 10 and 15 people per health condition was proposed
in line with guidance for Delphi studies[31].

There were 239 responses to thisinitial form, which was then
used asthedistribution list for all rounds of the study. However,
because of thismethod of recruitment, participantswere unable

https://formative.jmir.org/2025/1/e68782

Round 2
Sent out draft visualizations
based on round 1

Round 3
Sent out improved
visualizations based on
round 2

+ Qualitative and quantitative
analysis of responses
. Further refined
visualisations based on
feedback

to beindividually tracked or compared per round, and this meant
the participation of individualsin previous rounds could not be
confirmed, which is not typical for a Del phi methodology [32].
Data were collected between June 2023 and June 2024. Asthis
study aimed to iteratively build upon previousfindings, the lack
of participation in previous rounds may have impacted the
participant’s understanding of the context surrounding each
round. However, each round started with a summary of the
project and the findings from previous rounds to mitigate some
of this confusion.

Data Collection and Analysis

Round 1

An open-ended questionnairewas used in round 1 to understand
what aspects of mobility were most influenced by their
long-term health condition (Multimedia Appendix 1). Questions
were based on existing literature relating to how people with
long-term health conditions experience mohility, specifically
how it impacts them physically, socialy, and psychologically
[3]. This questionnaire was piloted with the PPAG before
distribution, and the feedback led to questions being
accompanied by a sample text written by the PPAG,
exemplifying their mobility experiences and prompting
participants (Multimedia Appendix 1).

Theresults of round 1 were aggregated and then analyzed using
a deductive content analysis by 6 researchers with experience
in digital mobility and qualitative research (AK, LD-O, AC,
HG, CW, and KYS). Deductive analysis was conducted by
mapping responses onto walking themes, symptoms, and the
most relevant DMOs (Table 1 and Multimedia Appendix 2).
Responses from the questionnaire were discussed within the
team regarding how elements of walking may be impacted by
symptoms and how this may manifest within a DMO. This
mapping involved the research team (including members of the
PPAG and clinical experts—LR, GB, TGA, KvdB, and NS)
discussing how elements of waking may be impacted by
symptoms and how this might manifest withinaDMO.
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Table 1. Digital mobility outcomes used to map the patient experience during round 1, adapted from Mazza et a [23] and Kluge et al [34].

Digital mobility out- Description

comes

Step count Number of steps taken per day.

Number of WB<? Number of WBs taken per day. A WB is awalking sequence containing at least 2 consecutive strides of both feet. The start
and end of aWB are determined by aresting period or any other activity (nonwalking period).

WB duration Duration between the start and the end of a WB. Defined as the daily average measured across each WB.

Stride length The interval between 2 successive initial contacts of the same foot. Thereby, every stride contains 2 steps. Defined as the
daily average measured across each WB.

Walking speed Distance covered by the whole body within a certain timeinterval per unit time of walking. It is measured in meters per
second and is the magnitude of the velocity vector. Defined as the daily average measured across each WB.

Step duration Duration between an initial contact and the next initial contact of the opposite foot. Defined as the daily average measured
across each WB.

Cadence The number of steps taken per minute. Defined as the daily average measured across each WB.

AVB: walking bout.

In total, 3 rounds of cross-checking were conducted to clarify
differences and determine specific coding rules beforefinalizing
an agreed set of walking experiences deemed most important
and how they map onto specific DMOs. Specific elements of
walking most frequently mentioned were subsequently identified
for each health condition to prioritize the aspects that were most
important to patients. Following this, DMOs were identified
that required the development of visualizations that addressed
the most frequent walking experiences (Multimedia Appendix
2).

Round 2

Theresultsof round 1 were used to devel op draft visualizations
that depicted aweek of mobility data. Using the data from the
MobilisesD TVS, visualizations were drafted (Multimedia
Appendix 3) [23]. Specificaly, visualizations were prioritized
based on the commonly listed experiences of mobility for each
long-term health condition from round 1. The order of
visualizations that were presented to participants was
randomized to prevent bias.

On the basis of a list of relevant options provided by a
visualization expert (AC), the research team and PPAG (AK,
HG, CK, LD-O, J, AC, NS, and TGA) discussed and voted
for visualizations and contexts that they thought were most
appropriate and useful for each element of walking. These
decisions were reviewed, and the final visualizations for each
element of walking were selected. The draft visualizationswere
then matched to a sample of text to explain why they were
chosen and how theresearchersfelt that they related to people’s
experiences (Multimedia Appendix 1).

Following the guidance from Trevelyan and Robinson [31],
patients were asked to rate the usefulness and ease of
understanding of each individual visualization using a 5-point
Likert scale (O=not useful at all or very difficult and 5=very
useful or very easy), as well as to suggest potential changesto
the draft visualization. We considered consensus was reached
when at least 75% of participants rated avisualization as=4 on
the Likert scale [30]. In addition, qualitative responses were
reviewed for relevant feedback, and a content analysis of

https://formative.jmir.org/2025/1/e68782

responses was conducted by 2 researchers (JL and AK) to
suggest changes for the visualizations.

Round 3

Using theresults of round 2, the draft visudizationswere revised
with the aim of improving them in line with patient feedback.
Revised visualizations were discussed between the academic
research team and PPAG (CK, HG, LD-O, AK, JL, AC, NS,
and TGA) and were then presented to patients alongside the
justification for their creation (Multimedia Appendix 1). The
order of visualizations that were presented to participants was
randomized to prevent bias. Participants rated the revised
visualizationson a5-point Likert scale and provided comments,
which were analyzed using a content analysis.

Ethical Considerations

Ethics approval was granted by Newcastle University
(2514/30280). To ensure anonymity in linewith ethical requests,
participants were asked to complete an anonymous form
whereby their email address was collected and stored securely
separate from demographic and response data from the study.
These email addresses were stored securely on a
password-protected computer and only accessed by researchers
involved in questionnaire distribution. This was then used to
send participants a link to take part in the study anonymously.
Participation was voluntary, and responses were anonymous,
with no personally identifiable data collected. All study
participants received an information sheet about the study and
were provided with the researcher’s emails in case of any
guestions. Participants were informed that the study should not
take any longer than 10 minutes and were assured that they
could withdraw without consequence at any time during the
study. All participants gave informed consent. There was no
compensation for participation in this study.

Results

Participants

Partici pation was dependent upon around being fully compl eted;
the demographics of participants across the 3 rounds are
presented in Table 2. Participation varied across rounds 1 to 3
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(n=48, n=79, and n=78, respectively). Across all rounds and
participants, 63.4% (n=130) were female participants, 29.8%
(n=71) of participants were below degree level or preferred not
to say, 94.1% (n=193) were White and 37.6% (n=77) wore a

https://formative.jmir.org/2025/1/e68782
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wearable device daily. Considering that the sample size for
COPD and PFF was lower than expected, their qualitative
responseswereincluded in the analysis but were not considered
to have reached consensus [31].
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Table 2. Participant demographics across all 3 rounds separated by each condition.

Demographic details  Round 1 (n=48), n (%) Round 2 (n=79), n (%) Round 3 (n=78), n (%)
pD? MsP CoPD°® PFF PD MS COPD PFF PD MS COPD PFF
(n=16) (n=25) (n=1) (n=6) (n=52) (n=24) (n=1) (n=2) (n=54) (n=21) (n=2) (n=1)
Sex
Male 7 (44) 20(80) 2(100) 3(50) 25(48) 3(13) 0(0) 2 25(46) 2(10) 0(0) 1
(100) (100)
Female 9 (56) 5(20) 0(0) 3(50) 27(52) 20(83) 1(100) 0(0) 29 (54) (19 ) 1(50) 0(0)
91
Prefer nottosay 0(0) 0(0) 0(0) 0(0) 0(0) 1(4) 0(0) 000 0(0 0(0) 0(0) 0(0)
Age(y)
18-30 0(0) 1(4) 0(0) 0(0) 1(2) 2(8) 0(0) 00 0(0 1(5 0(0) 0(0)
31-40 0(0) 7(28) 0(0) 00 0(0 6(5 0 00 0( 6(299 0(0 0(0)
41-50 1(6) 11(44) 0(0) 0(0) 1(2) 6(25 0(0) 000 24 943 0(0) 0(0)
51-60 1(6) 6 (24) 0(0) 1(17) 8(15) 7(29 0@© 0(0) 14(26) 3(14) 0(0) 0(0)
61-70 7 (44) 0(0) 2(100) 0(0) 21(40) 3(13) 1(100) 0(0) 22(41) 2(10) 2(100) 0(0)
71-80 6 (38) 0(0) 0(0) 5(83) 15(29) 0(0) 0(0) 2 14(26) 0(0) 0(0) 1
(100) (100)
>81 1(6) 0(0) 0(0) 0(00) 6(12 00 00 00 2@ 00 0@© 0(0)
Race and ethnicity
Asian or Pecific 0 (0) 1(4) 0(0) 0(0) 24 0(0) 0(0) 00 12 1(5 0(0) 0(0)
Islander
Hispanic or Lati- 0(0) 0(0) 0(0) 0(0) 0(0) 1(4) 0(0) 000 0(0 1(5 0(0) 0(0)
no
White 16 (100) 22(88) 2(100) 6(100) 50(96) 21(87) 1(100) 2 52(96) 19 2(100) 1
(100) (91) (100)
Other® 0(0) 2(8) 0(0) 0(0) 0(0) 1(4) 0(0) 000 0(0 00 0(0) 0(0)
Prefer nottosay 0(0) 0(0) 0(0) 0(0) 0(0) 1(4) 0(0) 00 0(0 0(0) 0(0) 0(0)
Education
Doctorate 1(6) 1(4) 0(0) 2333 5(10) 1(49 0() 2 5(9) 1(5) 0(0) 1
(100) (100)
Mastersdegree 5 (31) 1(4) 0(0) 233 1427 2(8 0() 0(0) 16(30) 2(10) 0(0) 0(0)
Bachelorsdegree 5 (31) 16(64) 0(0) 0(0) 12(23) 11(46) 0(0) 0(0) 19(35) (1;2) 0(0) 0(0)

High school de- 1 (6) 6 (24) 0(0) 2(33 10190 6(25 1(100) 0O(O) 6(11) 6(29 1(50) 0(0)
gree or equiva

lent

Lessthanahigh 1(6) 0(0) 2 (100) 0(0) 4(8) 1(4) 0(0) 00 2@ 0(0) 1(500 0(0)
school diploma

Prefer nottosay 3 (19) 1(4) 0(0) 0(0) 7(14) 3(13) 0(0) 0(0 6(11) 1(5 0(0) 0(0)
or other

Do you wear a wearable?

Yes 10(63) 10(40) 1(50) 0(0) 18(35) 6(25) 0(0) 0(0) 22(41) 11  0(0) 0(0)
(52

3PD: Parkinson disease.

bMS: multi ple sclerosis.

®COPD: chronic obstructive pulmonary disease.

9PFF: proximal femoral fracture.

€Additional race and ethnicity demographics include round 1 (2 mixed race participants, 1 White and Latino, and 1 Turkish or Northern Irish), round
2 (1 mixed race participant, Turkish or Northern Irish), and round 3 (1 Jewish participant).
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Round 1

Examples of the mapping process per long-term health condition
are provided in Table 3. The experiences described by patients
for each health condition are briefly summarized here.

For people with PD, scenarios and examples that related to the
themes of physical experience of walking, the context of the
walking experience, and becoming aware of the personal
walking experience were frequently reported. They described
how their symptoms affected their balance and noted that they
felt they were not able to do as much because of their symptoms,
which forced them to slow down. Participants also described
how their walking changed depending on the time of day and
location. Thisimpactswhere and how far they might be willing
to go. They al so described feeling more conscious of how they
walk in terms of speed and quality to counter the changes to
their balance. These experiences could be directly related to
DMOs describing stride length, step duration, walking speed,
and step count (Table 3), which reflect altered balance, speed
of movement, and amount of activity.

People with M S frequently described scenarios and examples
that related to the themes of physical experience of walking, the
context of the walking experience, and the walking experience
as a link between individual’s activities and sense of self. MS
symptoms led peopl e to describe how fatigueimpactstheir lives,
influencing their ability to walk distances and to plan activities.
They also spoke about how the symptoms of MS influenced

https://formative.jmir.org/2025/1/e68782
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their capacity to undertake activities, depending on how they
felt on a daily basis. Finally, they described changes to their
balance and perception of distance, which impacted their ability
to walk smoothly. The DM Os that most frequently mapped to
these themes were step count, stride length, walking speed, and
step duration.

Limited data were collected from people with COPD or PFF.
However, both groups focused on their physical symptoms,
which appeared to link most closely to the amount of activity
that they could do. People with COPD described breathl essness
as an important symptom that led to struggling to walk and use
stairs, among others, thus limiting the amount or duration of
their physical activity. For people with COPD, these experiences
mapped onto step count and number of walking bouts. People
recovering from PFF described changes and adaptations since
their fracture, including the need to walk slower, increased
fatigue, and having to rest because of this, which mapped onto
DMOs, such as walking speed and step count.

Following this step, theissues and conceptsthat were most often
mentioned were listed by the health condition and used to
identify the data required to devel op visualizationsin line with
these needs. The most relevant DMOs and contexts were
extracted from the Mobilise-D TVS and were drafted into
visualizationsto represent varying mobility impairments across
the 4 health conditions; this process is presented in Figure 2
and Multimedia Appendix 3 [23].
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Table 3. Examples of how the patient experiences were mapped to mobility themes and digital mobility outcomes (DMOs).

Lumsdon €t al

Example quotation Mobility themes based on Delgado-Ortiz et a [3] Mapped DMOs
Patientswith PD?
“1 walk slowly now so have to allow more time to get The physical walking experience o  Stridelength
anywhere. My family and friends adapt their speed to me The socia experience of walking «  Walking speed
so no issues with interactions. | have had some issuesin Behavioral and attitudinal adaptationsresultingfromthe «  Step duration
crowded football grounds or trains where | feel unsteady walking experience
on my feet.” [White male participant with PD, aged 61-70 Becoming aware of the personal walking experience
vl
“Any way that | canimprove my walking which isok when The physical walking experience «  Step count;
outsidewhen | concentrate hard on what | am doing, taking Behavioral and attitudinal adaptations resulting from the WBP duration
long steps and counting out loud. In the house | tend to walking experience «  Stridelength
stand still for ages before | can get my legs to move.” The context of the walking experience «  Stepduration
[White female participant with PD, aged 71-80 y]
“Walking to the shops used to be 5 minutes up a hill but The physical walking experience « WB duration
has become 10 to 15, my family are not impressed by the The socia experience of walking o Walking speed
shuffle” [White male participant with PD, aged 71-80 y] The context of the walking experience
Becoming aware of the personal walking experience
Patientswith M S°
“It tends to change depending on your energy, what you've The physical walking experience o Walking speed
done the day before and the weather. Today has been ok The context of the walking experience .  Step count
but my body feelstired.” [White female participant with o Number of
MS, aged 31-40y] WBs
“Thereisagoldilocks zone. Below minus 3 degrees or The physical walking experience «  Stridelength
above 26 degreesthen | walk like I’'m drunk. | find this The mental and emotional walking experience «  Walking speed
frustrating and left a walking group as a man teased me The socia experience of walking o  Step duration
about it and kept trying to get othersin the group to com- The context of the walking experience
ment on my walking or smell my breath for acohal. | only ) o . )
walk with my dog alone now” [White female participant Bglhlf_tvloral an(_j attitudinal adaptationsresulting from the
with MS, aged 51-60y] walking experience
“Walking is normal today. depending on sleep and level The physical walking experience «  Stridelength
of activity walking can become very slow and laboured. The context of the walking experience. «  Walking speed
Also drop foot can occur and more balance/shoe scuffing o  Step duration
issues.” [White male participant with MS, aged 41-50 y]
Patients with COPDY
“Yes my walking and climbing stairsimpact my breathing The physical walking experience .  Step count
onmost days | struggle going up stairs| try to keep myself The context of the walking experience
downstairs once | get up.” [White female participant with Behavioral and attitudinal adaptationsresulting from the
COPD, aged 61-70 y] walking experience
“If | do too much | get very breathless and have to rest | The physical walking experience .  Step count
aso plan what I’'m going to do to help my breathing.” Behavioral and attitudinal adaptationsresultingfromthe «  Number of
[White female participant with COPD, aged 61-70 y] walking experience WBs
Patients with PFF®
“My walking hasagreat influencefor my daily activities—I The social experience of walking e  Stepcount
have only few social interactions with friends and no hob- Behavioral and attitudinal adaptations resulting from the
bies” [White female participant with PFF, aged 71-80 y] walking experience
Thewalking experience asalink between anindividual’s
activities and sense of self
“1 don’'t walk asfast anymore, | don’t jog or cycle anymore. The physical walking experience «  Step count
| go to physiotherapy regularly. My relatives rarely talk The social experience of walking o Walking speed

about my fracture.” [White male participant with PFF, aged
71-80y]

Behavioral and attitudinal adaptations resulting from the
walking experience

apD: Parkinson disease.
BwB: walking bout.
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°MS: multiple sclerosis.
dCOPD: chronic obstructive pulmonary disease.
®PFF: proximal femoral fracture.
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Figure 2. Representation of developing the visualizations of round 2 through the feedback from round 1. DMO: digital mobility outcome.
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Round 2

Researchers developed and presented 15 visualizations and
justifications to participants based on the feedback from round
1. Every long-term health condition was presented with 2
visualizations of fatigue, PD was presented with 2 visualizations
on balance, MS was presented with 3 visualizations on doing
less, and PFF was presented with 2 visualizations on slowing
down (Figure 3 gives the examples). Participants then rated the
usefulness and ease of understanding of each visualization. The
consensus was reached for the ease of understanding in people
with PD for 2 graphs, namely the bar chart showing the indoor
versus outdoor data for both balance and fatigue.

The qualitative responses to the draft visualizations were
generaly positive (summary in Table 4). Participants reported
that they were able to understand the visualizations, and some
were ableto interpret what these visualizations represented. For

https://formative.jmir.org/2025/1/e68782
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Days

some, particularly those with PD, more dataand variableswere
deemed necessary to alow a fuller picture of the data being
presented. Specifically, people with PD highlighted adesirefor
additional, contextua information and patient-reported outcome
measures to accompany the visualizations. However, therewere
individuals in each long-term health condition that found the
visualizations difficult to understand.

A range of feedback was provided that touched on different
aspects of the data visualizations and their method of
presentation (Table 5 gives the summary). This was used to
improve the visualizations for round 3 (Multimedia Appendix
1). Feedback such as superimposing variables and improving
the clarity, accessibility, and visuals of the visualizations was
implemented, as seen in Figure 4. Some feedback could not be
implemented due to software limitations, such as adding an
interactive element to switch between meters and feet.
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Figure 3. Examples of draft visualizations presented to participantsin round 2. A: Horizontal stacked bar chart showing number of steps across aweek
and through each day to indicate fatigue B: Bar chart showing average walking speed across a week both indoors and outdoors to indicate fatigue. C:
Line chart showing average walking speed across aweek both indoors and outdoors to indicate balance.
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Table4. A summary of the insights gained from participants during round 2.

Themes Examples of accompanying quotes

Ability tounderstand thevisu-  «
dization

Ability tointerpret thedata ~ «

Desirefor additional informa-  «
tion

“Easy to understand, maybe brighter colours would make it easier to read. | like that it spans across aweek as

MS can change day to day.” [White female participant with MS? aged 18-30y]
“Easy to read the information and digest it” [White female participant with MS aged 41-50 y]

“ Suggests that the subject moves around more confidently indoors than out.” [White male participant with PDP
aged 71-80y]

“It lookslike after afew busy daysfatigue setsin.” [Northern Irish and Turkish female participant with M S aged
41-50y]

“| think the information could be very useful if there was away to link to notes on how you were feeling on a
given day to see what may have impacted your stats” [White female participant with PD aged 51-60 y]

“OK, this graph also showsindoor walking speeds are consistently higher than outdoor, but it also shows a
varying degree of difference on different days, implying another factor at work—maybe the distance walked
outside on different days?’ [White male participant with PD aged 61-70 y]

“It is useful to be able to see the difference between outdoor and indoor walking. It might be useful to record
whether or not amobility aid is being used and the type of surface being walked on.” [White female participant
with PD aged 61-70 y]

a\S: multiple sclerosis.
BPD: Parkinson disease.
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Table5. A summary of suggested changes from participants during round 2 and the changes that were made in round 3 following these suggestions.

Issue raised

Examples of accompanying quotes

Change made

Superimposed varigbles  «

Difficulty withthevisu-
alizations

Interactivity of graphs

Improve clarity for the
justifications of each

graph

Improve descriptions

Improve accessibility

Changetimedistribu-
tions

“| think that there has to be a better way to show stride cadence. Speed of step is oneimpor-
tant factor, but length of stride is another. So, stepping out to say marching music with a
quick march tempo helps to increase pace but what slows people with PD down is often
that they take small steps to overcome uneven ground, and this also slows them down.”

[White female participant with PD? aged 61-70 y]

“1 would like to see the step length line chart superimposed over this bar chart. Small steps
mean more steps over the same distance. As Alexander says ‘simples.” [White femae
participant with PD aged 71-80 y]

“Too complicated, too confusing.” [White female participant with copPD® aged 61-70 y]
“Boring, too academic, too SPSS-like [data analysis software].” [White male participant

with PFF® aged 71-80 y]
“My response was, oh, boring. More of the same! For the ordinary everyday person having
to study these graphs.” [White female participant with PD aged >81y]

“Assuming that it's plotting the same data, then providing the user with the choice of how
the datais displayed would be the most user-friendly approach.” [White femal e participant
with PD aged 61-70 y]

“So many other issues slow walking, all would need to be taken into account, such as gait,

balanceissues, foot drop, pain, aswell asfatigue.” [White female participant with M s aged
51-60y]

“Thereisno info on how this data has been collected. Does the graph represent one person
or isit the average of various persons?’ [White female participant with PD aged 71-80 y]
“Thisgraph | found moreinformative. Isit possible to break it down to age, how long diag-
nose?’ [White female participant with PD aged 51-60 y]

“The beige colours seem too close in hue” [White female participant with MS aged 51-60
vl

“Easy to understand perhaps colours could be brighter.” [White femal e participant with PD
aged 71-80y]

“Unable to see colours as colour-blind to parts of spectrum, which iscommonin MS optic
neuritis” [White female participant with MS aged 51-60 y]

“Very Faint” and “Too Pale” [White male participant with PD aged 71-80 y]

“Theinformation is good, | like the idea of being able to compare times of day, however |
think the nighttime slot is too short and should be at least 10 hours. The evening slot is too
long and shouldn’t go past 10pm. A better distribution would be Morning 7am-12pm,; after-
noon 12pm-5pm; evening 5pm-10pm, night 10pm to 7am.” [White female participant with
PD aged 51-60y]

Added more variables
per graph to alow for
deeper insight into the
data shown.

Made the graphs more
visually appealing and
added graphicsto en-
hance the visualization.

Unable to integrate this
feedback into round 3.

Made the link between
participant experience
and the mapping onto the
DMO® and context clear-
er.

Madeit clearer that these
are single person’s data
and are drafted as an ex-
ample.

Increased font size and
made lines on the line
chart bolder. Changed to
brighter colorsthat are
more accessible for peo-
plewith color blindness.

Updated the times on
event visualizations.

3PD: Parkinson disease.

BCOPD: chronic obstructive pulmonary disease.
°PFF: proximal femoral fracture.

dMS: multi ple sclerosis.

€DMO: digital mobility outcome.
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Figure4. The process of refining the draft visualizations for round 3 based on the feedback from round 2. A: Bar chart showing average walking speed
across aweek both indoors and outdoorsto indicate balance. B: Bar chart showing number of steps acrossaweek and throughout each day superimposed
by aline chart of average walking speed to indicate fatigue. C: Bar chart showing number of steps across aweek to indicate fatigue.
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Round 3

Researchers developed and presented 8 visualizations and
justifications to participants based on feedback from round 2.
Every long-term health condition was presented with 2
visualizations of fatigue, PD was presented with 2 visualizations
on balance, MS was presented with 3 visualizations on doing
less, and PFF was presented with 2 visualizations on slowing
down (Figure 5 gives the examples). Patients rated the
usefulness and ease of understanding of each visualization. No
consensus was reached during round 3 for any visualization.

Qualitative responses to the draft visualizations were generally
positive (summary provided in Table 6). Participants reported
that they generally understood the visualizations and appreciated
the comments surrounding the visualizations that explained the
graph and how to interpret the outcomes. Participantsfound the

https://formative.jmir.org/2025/1/e68782
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differentiation between environment and time of day included
in the visualizations to be important, as this influences the
presentation of their symptoms.

A range of feedback was provided throughout the comments
touching on different aspects of the data visualizations and how
they were presented (aggregated summary in Table 7). This
feedback could not be used within this study but serves as a
recommendation for future studieswishing to visualize mobility
data. The feedback mainly surrounded accessibility and
explanations, as well as the need for additional data to fully
interpret the graphs. Interestingly, this round provided
contradictory feedback between participants, with some
appreciating the infographic visuals while others found them
irritating. This indicates the need for personalization of data
visualizations.
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Figure 5. Examples of draft visualizations presented to participantsin round 3. A: Line chart showing average stride length and average step duration
across aweek to indicate balance. B: Bar chart showing number of steps across aweek and throughout each day superimposed by aline chart of average
walking speed to indicate fatigue. C: Bar chart showing number of steps across aweek to indicate fatigue.
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Table 6. A summary of the insights from participants gained during round 3.

Themes Examples of accompanying quotes

Appreciated the commentsto explainthe  «
graphs .
Easily understood the graphs .

Time of day and location areimportantto
understand symptoms

“Looks good and explained well” [White female participant with COPD? aged 61-70y]
“1 find this graph harder to follow than the previous one. Without the explanatory notes, not sure

I’d have grasped the logic behind the walking speed trend line” [White male participant with M sP
aged 41-50y]

“Simple and clear graphics made graph easy to understand. The purpose of each dataitem shown

was clearly described. | would find this graph very helpful ” [White male participant with PD® aged
51-60y]
“Easy to understand, coloursdifferentiateit quite well.” [Hispanic femal e participant with MS aged
18-30y]

“Personally, my stride length varies not just with location (indoors/outdoors) but also where | am

in the drug cycle...So it would be useful to not only plot the steps per day but throughout the day.”
[White female participant with PD aged 61-70 y]

“Round the house | take short quick steps, sometimes with festination and stumbles. At Sainsburys
[asupermarket] with atrolley | am much morenormal in my stride length and speed” [Whitefemale
participant with PD aged 71-80 y]

8COPD: chronic obstructive pulmonary disease.

bMS: multi ple sclerosis.
®PD: Parkinson disease.
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Table 7. A summary of the suggested changes from participants during round 3.

Issue raised Examples of accompanying quotes

Graphs are small .
61-70y]

Explanations aretoo faint  «

“The graph is small and difficult to read therefore difficult to interpret.” [White female participant with PD? aged

“I’ve had to zoom in to read the comments on all the graphs—could they not be black, rather than grey?’ [White
female participant with PD aged 51-60 y]

« “Theexplanations of the key features of the graph would be easier to read if in alarger font size and bolder type.”
[White female participant with PD aged 51-60 y]

More contextual informa-  «
tion is needed

“1t would be useful to know if awalking aid was used.” [White female participant with mMs? aged 41-50y]
« “l don't seethe purpose of monitoring strides etc unless you show a graph as to how and why the people involved

changed their stride length. Parkinson’s varies daily, illness affects symptoms, etc.” [White female participant with

PD aged 61-70 y]

o  “Theredoesn’t seem to be any way of showing e.g. gradient or quality of surface that you are walking on which
limits the usefulness of this graph.” [White female participant with PD aged 61-70 y]

Debate surrounding thevi- o

suals used in some graphs aged 41-50y]

“1 think thisis very easy to understand. | like visua graphs rather than data.” [White female participant with MS

o “lamnot surel like the running tracks” [White female participant with MS aged 61-70 y]

«  “Thisgraph seemsto have little point beyond the step count. the graphics (col osseum etc) are unnecessary and, for
me, irritating...adding CeeBeeBee[achildren’s TV channel in the UK] style graphics doesn’t add anything useful ”
[White male participant with PD aged 71-80 y]

o “llikethisgraph. Easy to understand and | really like the Running Track and famous places comparisons for dis-
tances.” [White male participant with PD aged 51-60 y]
« “llovetheideaof the equivalent places, but could this be more localised/personalised?’ [White female participant

with PD aged 51-60 y]

Thelink between DMO®  ©

and symptomsis unclear participant with MS aged 18-30 y]

“My walking speed can be quite fast even though I’ m experiencing fatigue, because of foot drop.” [Hispanic female

o “l think that this doesn’t help express fatigue.” [White female participant with MS aged 41-50 y]
o “Peoplewith Parkinson’s sometimes shuffle and take small steps, so this will help to understand if or how often
they occur.” [Asian or Pacific I1slander female participant with PD aged 61-70y]

Questionson theuseful-

ness of the graphs aged 61-70y]

“It describes the situation but I’ m not sure how | would utilise the information.” [White femal e participant with PD

o “Not clear what use this graph for” [White male participant with PD aged 61-70y]
«  “Although the graph is easy to read and gives a clear visual representation of the number of stepstaken, isthisin-
formation really useful ? If you aretired clearly you will want to walk less” [White femal e participant with PD aged

51-60y]

The need for ahealthy .
control’s average

“Might a‘normal’ comparator be useful ? adjusted for gender and age. i.e. are my steps tiny compared to other
women of my age??’ [White female participant with PD aged 71-80 y]

8PD: Parkinson disease.
M S: multi ple sclerosis.
°DMO: digital mobility outcome.

Discussion

Principal Findings

This study explored patient preferences on how mobility data
derived from wearable devices is visualized. Through the
multistage cocreation of visualizationswith patients as experts,
we embedded the voice of patientsthroughout the research cycle
so that the visualization recommendations would be meaningful
to them. While these early insights cannot claim a consensus
of patient preferences on mobility datavisualizations, the study
provides important learnings and recommendations for future
mobility visualizations.

Participants were generally ableto understand the visualizations
and interpret what the data may indicate. The next step would

https://formative.jmir.org/2025/1/e68782

be advancing and personalizing the data visualizations to
empower patients to gain actionable insights from their
inferences. Feedback consistently requested additional datato
be presented to enhance the visuaizations; this was achieved
through embedding indoor versus outdoor categoriesin certain
visualizations as well as superimposing DMOs on some
visualizations in round 3. Participants appreciated this extra
detail during round 3; however, thiswas not sufficient in terms
of the information they felt was important to help them apply
learnings or actionsinto their daily lives.

Contextual information, such as how the person felt, when
medication was taken, and whether they used a walking aid,
would be important when interpreting the visualizations.
Previous studies have explored the use of calendars to present
medication data over time using a similar approach; it would
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be possible to note when medication changes or interventional
changes occur by indicating them with icons [19,21].
Alternatively, exploring the granularity of data may be helpful
in addressing these comments; for example, exploring when
medi cation was taken throughout the day may lend itself better
to visualizing a single day’s data with icons added when
medication wastaken to identify any trendsrelated to medication
[18,35]. Previous patient-focused visualization studies within
literature al so discuss the importance of context and additional
factors in determining the meaningfulness of a visualization;
hence, it is important for these contexts to be embedded into
visualizations [12,15,36]. Typical consumer wearable devices
display a myriad of health data, such as number of steps and
calories burned; however, these visualizations are often
oversimplified and, consequently, do not demonstrate the
relationship between multiple factors or acknowledge the
presence of external, contextual factors[37]. Itisimportant that
researchers do not default to the basic bar charts of consumer
wearable devices and instead recognize and highlight the
intertwined nature of health, environment, and activity,
particularly in those with health conditions whereby this
additional information is vital.

Some participants found it difficult to interpret the information
from the visualizations and apply it to themselves. This is
potentially due to insufficient justifications, descriptions, and
accessibility of the visualizations [12]. This indicates the
importance of working alongside patient advisorsto understand
thelived experience of long-term health conditions and develop
justifications for what and why the data are displayed [32,38].
A major barrier to understanding for participants was the
rationale for why certain DMOs had been chosen to represent
asymptom. Thisindicatesthe need for future qualitative studies
to be conducted to map the patient experience to each DMO.
Research to understand the link between patient experience and
outcome measures is limited but will be essential for
understanding theimportance of where DM Osfit into the patient
experience. Being able to use visualizations to make sense of
the “chaos of lived experience” will be key to encouraging the
use of wearable devices within health care [28]. While this
mapping process was piloted within round 1 of this study, a
larger and more in-depth mapping process is needed to bridge
the gap of DMO meaningfulness to patients. Already, the
benefits of this mapping process have been seen in other areas
of digital health technologies, with additional studies currently
ongoing [39-41].

Animportant barrier to interpreting the visualization wasalack
of personal connection with the data. As the data presented to
participants was not their own, they found it difficult to
understand what was being visualized, as there was no context
for what the dataimplied. Thiswasarecurring theme throughout
the qualitative analysis and something that should be addressed
in future studies by personalizing visualizations to patients
own data to address these barriers. Visualizing personal data
may empower patients to make actionable insights that reflect
their own lived experiences, which makes strides toward the
potential for personalized health care [42]. Thismay also address
the lack of consensus found in this study, as participants had
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no familiarity with the data presented, and this may have
contributed to poorer understanding and usefulness of the data.

Patients were able to read and interpret bar charts, but their
ability to interpret DMOs, such as stride length and walking
speed, was hindered due to alack of understanding of ahealthy
control’s “normal.” This is a common theme within clinical
data visualizations. Providing a“normal” value may be helpful
when goal setting using visualizations; however, issues arise
regarding how that “normal” valueis set and ensuringit reflects
the age, gender, and other characteristics of the patient [21].
Other studies demonstrate that the use of visua cues, such as
emojis, and user-friendly visual analogies can improve the
understanding of the visualization [36,43]. The use of visual
cues throughout data visualization should be of particular
importancein future work with difficult-to-visualize outcomes.
During round 3 we included comments and additional visual
cues to better explain the visualization. The feedback implied
that this was well received, yet there is scope for further
enhancing these visual cues and comments. For example, the
ability to relate to famous monuments as a visual cue was very
individualized and shoul d be personalized based upon participant
location for future visualizations. Moreover, the accessibility
of thegraph isimportant. Due to software limitations, the graphs
presented were small and difficult to read for some participants;
thisis something to be mindful of in future studies.

Future studies should explore alternative visuaization strategies.
Here, data were presented using graphs to display changes
during a week and to represent the dynamic nature of patient
experiences. However, certain DMOs may be better conveyed
through other visual methods. For example, some studies have
used motion capture and videosto visualize gait, which may be
an interesting avenue for future mobility-related visualization
studies[44,45]. Furthermore, for datato berelevant to aperson’s
immediate context, future work should focus on designing a
tool that can provide real-time feedback that supports people’s
understanding of their condition [27].

Limitations

The COPD and PFF health conditions had alower representation
and did not meet the recommended number of participants for
Delphi protocols (10 to 15 participants); this limits the
understanding we have of how these groups prefer their datato
be visualized [31]. This was due to our recruitment methods
not being successful for these health conditions. While results
indicate that DMOs and justifications should be personalized
based on the symptoms and experience of a long-term health
condition, the sample size was not adequate to explore any
differencesin visualization preferences between groups. Further
research is necessary to fully understand any nuances that may
arise from these long-term health conditions.

The sample of this study was not representative; participants
were largely educated from Western countries (primarily the
United Kingdom) and around a third of participants used a
wearable device in their daily lives. Due to ethical requests,
participant demographicswere only collected after participants
wererecruited; it was not possibleto retrospectively recruit and
address this disparity. In addition, by nature of a web-based
survey, it is likely that the digitally excluded were not well
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represented in this study. It is pivotal that research includes and
represents the experiences of underserved communities to
improve the generalizability of findings [46,47]. Previous data
visualization studies have looked at preferences in people with
lower educational attainment; this highlights the importance of
diversity within data visualization samples, as preferences may
vary between groups [48]. For the integration of wearable
devicesinto health care, it will be paramount to understand how
best we can visualize DMO data to ensure a wide range of
demographics can access and understand the data provided. To
address this, future research should aim to provide a more
representative sample [49].

It is essential that future studies are conducted with clinicians
and those involved in the care of patients. With the rise of
commercial wearable devices, data are being presented to
clinicians by patients and being dismissed, asthereisalack of
understanding on the clinician’s side for how to interpret and
act on thedata[21]. It isimperative that the people involved in
a person’s care (both the patient and care team) can extract
meaningful datafrom wearable devices. It may bethat different
forms of visualization may be helpful for clinicians compared
to patients; potentially clinicians will be more interested in
longitudinal changes, such as baseline to 6 months, than patients.
Already studies have explored thisfor clinic-based sensor data,
and this should be explored more widely using real-world data
to capture the nuances of mobility [50].

Conclusions

The use of remote mobility monitoring devicesis predicted to
increase. Hence, how to visualize thisdatain an understandable
and meaningful way to patient populationsis of key importance.
This study indicates that visualizing these data is possible and
can be done in away that patients understand. While this study
did not draft any visualizations that had a strong consensus of
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understanding and ease of use, we were able to provide several
points of recommendation for future visualizations and studies.
Particularly, we recommend that future studies explore
individualized visualizations, whereby the participant’s own
data are visualized both individually and in the context of their
condition to better enhance understanding.

Recommendations

Despite the exploratory nature of this work, we have been able
to develop severa initial recommendations for future
visualizations in tandem with existing principles that are
applicable both for the visualization of mobility dataaswell as
the visualization of health data in general, which include the
following:

«  Ensurereadability—visualizations should be large, easy to
read, and contain sufficient color contrasts [51,52].

« Beawareof potentia visual impairmentswithinindividuals
and conditions, for example, contrast sensitivity in MS due
to optic neuritis, aswell asindividual additional needsthat
must be catered to [53,54].

« Beaware of the need for additiona information. Patients
understand the variability of their condition best; hence,
providing the ability to dynamically interact and insert
additional information to explain this variation would be
greatly beneficial [12,15,36].

«  Think beyond the basics of consumer device visualizations.
Experiment with different visualization techniques to
enhance patient understanding [19,21,43].

« Ensureastrong rationale. Engage with patients and embed
public and patient involvement within the project to ensure
meaningful outcomes for patients [38,55].

»  Useindividualized visualizations. Personalize visuaizations
to the data of each participant; while not donein this study,
participants indicate this as the next step [42].
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