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Abstract

Background: Impaired cognitive function is observed in many pathologies, including neurodegenerative diseases such as
Alzheimer disease. At present, the pharmaceutical treatments available to counter cognitive decline have only modest effects,
with significant side effects. A nonpharmacological treatment that has received considerable attention is computerized cognitive
training (CCT), which aims to maintain or improve cognitive functioning through repeated practice in standardized exercises.
CCT allows for more regular and thorough training of cognitive functions directly at home, which represents a significant
opportunity to prevent and fight cognitive decline. However, the presence of assistance during training seemsto be an important
parameter to improve patients motivation and adherence to treatment. To compensate for the absence of a therapist during
at-home CCT, arelevant option could be to include a virtual assistant to accompany patients throughout their training.

Objective: The abjective of this exploratory study was to evaluate the interest of including a virtual assistant to accompany
patients during CCT. We investigated the relationship between various individual factors (eg, age, psycho-affective functioning,
personality, personal motivations, and cognitive skills) and the appreciation and usefulness of a virtual assistant during CCT.
This study is part of the THERADIA (Thérapies Digitales Augmentées par I’ Intelligence Artificielle) project, which aims to
develop an empathetic virtual assistant.

Methods: A total of 104 participants were recruited, including 52 (50%) young adults (mean age 21.2, range 18 to 27, SD 2.9
years) and 52 (50%) older adults (mean age 67.9, range 60 to 79, SD 5.1 years). All participants were invited to the laboratory
to answer severa questionnaires and perform 1 CCT session, which consisted of 4 cognitive exercises supervised by a virtual
assistant animated by a human pilot viathe Wizard of Oz method. The participants evaluated the virtual assistant and CCT at the
end of the session.

Results: Analyseswere performed using the Bayesian framework. The results suggest that the virtual assistant was appreciated
and perceived as useful during CCT in both age groups. However, older adults rated the assistant and CCT more positively overall
than young adults. Certain characteristics of users, especially their current affective state (ie, arousal, intrinsic relevance, goal
conduciveness, and anxiety state), appeared to be related to their evaluation of the session.

Conclusions: This study provides, for the first time, insight into how young and older adults perceive a virtual assistant during
CCT. Theresults suggest that such an assistant could have a beneficia influence on users' motivation, provided that it can handle
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different situations, particularly their emotional state. The next step of our project will be to evaluate our device with patients
experiencing mild cognitive impairment and to test its effectiveness in long-term cognitive training.

(JMIR Rehabil Assist Technol 2024;11:e48129) doi:10.2196/48129

KEYWORDS

cognitive training; cognitive decline; cognitive disorders; mild cognitive impairment; Alzheimer disease; digital therapies; virtual
health assistant; conversational agent; artificial intelligence; social interaction; THERADIA

Introduction

Background

Impaired cognitive function is observed in many pathologies,
including neurodegenerative diseases, neurodevelopmental
disorders, and certain psychiatric disorders (eg, depression and
schizophrenia). The most prevalent cause of cognitive decline
is dementia, for which aging isthe main risk factor. According
to the World Health Organization [1], 55 million people are
currently affected by dementia worldwide, and this number
could increase to 139 million by 2050. Dementia is a chronic
and progressive syndrome characterized by an impairment of
cognitive functions such as memory, reasoning, language, and
executive functions. At advanced stages, it severely affects
autonomy and quality of life, making it a major public health
concern. Alzheimer disease is the most common cause of
dementia (60% to 70% of the cases), but there are other potential
causes (eg, vascular, Lewy bodies, and Parkinson disease) [2].

At present, there is no effective pharmacological treatment for
the symptoms of Alzheimer disease and dementia
Cholinesterase inhibitors and memantine offer only modest and
short-term cognitive benefits, with substantial side effects[3-6].
Because of the controversial effectiveness of the existing
pharmacological treatments, there has been a strong research
interest in developing nonpharmacological treatments that are
safe, noninvasive, and with few side effects. The main objective
of these treatments is to preserve the quality of life and
autonomy of patients for as long as possible. They encompass
a wide range of techniques, such as cognitive intervention
(including cognitive stimulation, cognitive training, and
cognitive rehabilitation), motor rehabilitation, psychotherapy,
occupational therapy, and assistive technologies [7].

A nonpharmacological treatment that has received considerable
attention is computerized cognitive training (CCT), whichaims
to maintain or improve cognitive functioning through repeated
practice in standardized exercises[8]. CCT targets one or more
cognitive domains (eg, memory and attention) and adapts
exercise difficulty to individua performance. These therapies
have many advantages: they are safe and relatively inexpensive
and allow patients to train their cognitive functions on a more
regular basis by conducting sessions at home, eliminating the
need to travel to the therapist’s office or hospital. Regarding
effectiveness, meta-analyses of randomized controlled trias
reported significant but moderate effects of CCT in hedlthy
older adults[9], in patients with Parkinson disease [10,11] and
mild cognitive impairment (MCI) [8,12]. MCI refers to the
transitional state between normal aging and dementia, whichis
characterized by a greater cognitive decline than what is
considered normal for a given individual (based on age and

https://rehab.jmir.org/2024/1/e48129

education), but not significant enough to affect autonomy in
daily life[13]. Individuals with MCI have a high probability of
progressing to dementia, but thisis not systematic [2,13]. Once
dementiais diagnosed, CCT appears to become ineffective in
countering cognitive decline [8].

There is currently no consensus on the best time to start
cognitive training to prevent cognitive impairment in older
individuals. The available data suggest an improvement in
cognitive functioning in healthy older adults who receive
cognitive training, whereas the results are more mixed in those
already experiencing cognitive impairment [9,14-17]. In
addition, there is dtill insufficient evidence to support a
preventive effect of cognitive training on the onset of cognitive
disorders or dementia in the long term [14,16]. It is however
reasonable to hypothesize that the earlier cognitive training
begins, the more beneficial the effects on cognitive functioning
could be, in line with the cognitive reserve theory [18,19].
Further research is needed to test whether CCT is apromising
tool for the prevention of cognitive decline in healthy older
adults and an effective treatment for patients with MCI.

In general, the effectiveness of cognitive training in preserving
or improving cognitive function is still debated in the literature
[14,20,21]. Methodological issues (eg, unclear randomization
methods and inadequate sample sizes) have often been put
forward as an explanation for the moderate effects of CCT and
the lack of a strong consensus across studies [7,15,21,22].
Nevertheless, other important factors related to the format of
training programs and to individual differences are likely to
impact CCT effectiveness. A meta-analysisin particular showed
that unsupervised at-home CCT is less beneficial for cognitive
function than group-based CCT [9]. The main differenceisthat
group-based CCT involves social interactions and the presence
of a therapist who ensures adherence, treatment fidelity,
compliance, and computer assistance. The therapist and social
dimension are absent when patients perform CCT at home,
which may decrease the motivation to complete or succeed in
the exercises. Motivation plays a key role in CCT success, as
well as other individual factors such as preexisting ability and
the need for cognition (ie, how much one enjoys cognitively
challenging tasks) [23].

CCT alowsfor moreregular and thorough training of cognitive
functions directly at home, which represents a significant
opportunity to fight cognitive decline. However, the design of
CCT needs to be reconsidered to address parameters that may
reduce therapy effectiveness. Various individual factors can
represent limitations for performing CCT a home, such as
personal motivations and familiarity with computers, as well
as psychological factors such as anxiety level, mood, or
personality. From the abovementioned evidence, the presence
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of assistance during training seemsto be animportant parameter
to improve patients motivation, adherence to treatment, and
thus benefits on cognition. To compensate for the absence of a
therapist during at-home CCT, a relevant option could be to
include a virtual assistant to accompany patients throughout
their training.

The addition of a virtual assistant in CCT seems to be
particularly relevant for older adults with or without cognitive
impairment, who are the main targets of cognitive training. To
our knowledge, there are currently no published studies
assessing the benefits of a virtual assistant to accompany
individuals during CCT. However, outside cognitive training,
some studies suggest that older adults do appreciate assistive
technologies such as virtual home assistants (eg, Amazon Echo
Alexa and Google Home) [24-26], conversational agents
[27-29], and social robots[30] to help them with daily activities.
Older adults find virtual home assistants useful for setting
reminders, searching for information in real time, and
entertainment [24-26,29]. They appreciate the interaction with
the assistant and its companionship [26]. As for applications
dedicated to care and health, the few studies available suggest
a good perception by older adults of the support provided by
virtual companions [27,31]. Older adults seem to prefer
embodied to nonembodied virtual assistants, particularly
assistants with humanoid rather than zoomorphic or
machine-likefeatures[32-34], female rather than male assistants
[34,35], and assistants that are not too realistic [33]. However,
it was observed that movement realism had a more positive
impact on user satisfaction and interaction quality than the
appearance of the assistant (eg, graphics and texture quality)
[36]. A recent literature review suggested that patients with
dementiaenjoy interacting with embodied conversational agents,
although dataon thistopic are still scarce [37]. Regarding social
robots, there is some evidence that robot-assisted cognitive
training can improve memory and executive function in older
adults [38]. Social robots also have a positive influence on
well-being [30]. However, such robots are currently too
expensive to be implemented at home, so patients must travel
to centers to benefit from their assistance during training. A
virtual assistant may represent a less expensive and easier
solution to implement in the patient’s home.

In addition to assisting patients in their cognitive training
exercises, a virtual assistant could be capable of less formal
socia interactions (eg, small talk) and provide cognitive
stimulation. Cognitive stimulation is a type of cognitive
intervention that consists of various activities aimed at
enhancing an individua’s overall cognitive and social
functioning [7]. It has been shown to improve general cognitive
functioning in patientswith mild-to-moderate dementia[7]. The
combination of cognitive training, cognitive stimulation, and
social interactions provided by avirtual assistant could thus be
beneficial for patients motivation and long-term adherence to
CCT. Moreover, some data suggest that individuals might build
stronger therapeutic alliances with a conversational agent than
with a human caregiver in certain contexts (eg, major
depression) [39]. Many older adults with cognitive disorders
are embarrassed by their condition and may be more willing to
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interact with a virtual, anonymous device for help or advice
than with humans [40].

Finally, certain design parameters are particularly important to
consider when developing an effective virtual assistant to
accompany older adults, with or without cognitive impairment,
during CCT a home. In addition to the appearance and
animation quality discussed earlier, talking virtual assistants
rather than silent ones appear to improve the engagement of
older adults with low computer literacy [35], which patients
with cognitive disorders are likely to be. More generally, the
simultaneous presence of visual and auditory modalities when
interacting with the assistant could improve the acceptance and
user experience of older adults [41]. The virtual assistant must
be able to provide adequate emotional support during the
on, encouraging and rewarding participantsfor their efforts,
to increase adherence [40]. In this respect, the development of
an emotiona artificial intelligence that would enable the
assistant to detect and automatically adapt to the user’s affective
states would be particularly useful [42]. To provide a safe
environment for patients with cognitive disorders, it is aso
necessary that the assistant’s speech and its interactions with
the user are scripted in such a way as to provide a stable and
rather predictable framework [40].

Objectives

In the light of these observations, we started the THERADIA
(Thérapies Digitales Augmentées par I’ Intelligence Artificielle)
project in 2020 [42]. This 5-year project aims to develop an
empathetic virtual assistant that can accompany users during
at-home CCT. The first version of our CCT software will be
targeted at older adultswith or without cognitive disorders, with
the am of maintaining, or even improving, cognitive
functioning. To successfully complete this project, it was first
necessary to better understand the factors that may contribute
to the effectiveness of such adevice. Asdiscussed earlier, users
characteristics play an important role in the adherence to CCT
programs. Therefore, the objective of this study was to
investigate the relationship between various individual factors
(eg, age, psycho-affective functioning, personality, personal
motivations, and cognitive skills) and the appreciation and
usefulness of a virtual assistant during CCT. To do so, young
and older adultswereinvited to the laboratory to answer several
guestionnaires and perform 1 CCT session hosted by a virtual
assistant, animated by a human pilot via the “Wizard of Oz"
method. This exploratory study thus presents 1 stage of the
development of the future virtual assistant that will be proposed
by the THERADIA consortium.

Methods

Participants

Although older adults arethefirst target for our future cognitive
training software with virtual assistance, young adults can also
experience cognitive disordersin certain situations (eg, after a
stroke or in certain psychiatric conditions). As computer skills
may vary with age, older adults may not have the same abilities
or needs as young adults when performing CCT at home.
Therefore, weincluded both young and older adultsin our study
to explore age-rel ated differencesin the eval uation of our device,
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with the goal of potentially adapting it to ayounger population
in the future.

To determine the sample size, we relied on the available
literature whose objectives were closest to our own, that is, to
investigate the appreciation and preferences of older adults
regarding virtual assistants in general [24,26-29,31-36]. Most
of these studies used qualitative research methods (focus groups
or interviews) involving small experimental groups of 5 to 24
older adults [24,26,28,29,32,34,36]. Studies using quantitative
research methodsincluded 20 to 46 older adults per experimental
group, with 46 participants being more common [27,31,33,35].
On the basis of studies using quantitative research methods,
more similar to our study design and analysis plan, we decided
to slightly increase the number of participants usually included
to 52 per age group to improve power.

Table 1. Description of participants by age group (N=104).

Zsoldos et d

Therefore, a total of 104 healthy participants were recruited
between April 2021 and September 2022, including 52 (50%)
young and 52 (50%) older adults. The key characteristics of the
participants are summarized in Table 1. Inclusion criteriawere
to be aged between 18 and 30 years for young adults and >60
years for older adults. All participants were French speakers;
had normal or corrected-to-normal vision and hearing; and were
freefrom known psychiatric conditions, neurological disorders,
and neurodegenerative diseases. They also had to confirm that
they were not undergoing any treatment (eg, medication,
therapy, or inclusion in another study) likely to affect memory
or movement. Older participants presenting altered cognitive
functions (a score <25 at the Mini-Mental State Examination
[MMSE] [43]) were excluded from the analysis.

Group Young adults (n=52) Older adults (n=52)
Sex, n (%)

Female 35 (67) 40 (77)

Male 17(33) 12(23)

Age (y), mean (SD; range) 21.17 (2.90; 18-27)

Highest diploma obtained, n (%)

CAP?P 12
Baccal aureate® 33(63)
Bachelor’s degree 15 (29)
Master’s degree 3(6)
PhD¢ 0(0)
Occupation, n (%)
Student 43 (83)
Retired 0(0)
Employee 4(8)
Executive or manager 2(4)
Worker or laborer 1(2
Company director 0(0)
Unemployed 2(4)

67.92 (5.14; 60-79)

6 (12)
8 (15)
16 (31)
19 (37)
3(6)

0(0)
47 (90)
3(6)
1(2)
0(0)
1(2)
0(0)

8CAP: Certificat d’ Aptitude Professionnelle.

quuivaI ent to the NV Q (National Vocational Qualification) in the United Kingdom.
CEquivalent to A-levels in the United Kingdom and high-school diplomain the United States.

dphD: Doctor of Philosophy.

Theyoung adultswere recruited on the campus of the Université
Lumiére Lyon 2 via mail announcements as well as diffusion
on social networks such as Facebook (Metaplatforms, Inc). For
the older adults, 2 advertisements were published in regional
newspapers: Le Progrés and Le Dauphiné Libéré. A campaign
to recruit older adults was also carried out by advertising to
people enrolled in a teaching program open to individuals of
all ages (“University of All Ages’) attached to the Université
Lumiére Lyon 2.

https://rehab.jmir.org/2024/1/e48129

Ethical Considerations

This study was approved by the Ethics Committee of the
Université Grenoble Alpes (CERGA-Avis-2021-1). All
participants provided written informed consent before starting
the experiment. At the end of the experiment, each participant
received a €20 (US $21) gift card asareward.
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Evaluation of Individual Characteristics

Overview

Several characteristics of the young and older participantswere
assessed aong four dimensions. (1) psycho-affective
functioning, (2) personality, (3) personal motivations, and (4)
personal habits. We al so assessed the cognitive functions of the
ol der adultsto ensure that they were not experiencing cognitive
decline and to test the rel ationship between cognitive functioning
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and the evaluation of the virtual assistant. These dimensions of
interest were selected to provide a global view of the
participants' psychological and cognitive functioning, including
stable parameters (eg, personality traits, motivational factors,
and habits) and more fluctuating parameters (eg, current
emotional state and state anxiety). Each dimension was studied
using specific questionnaires in paper form, which are
summarized in Table 2 and described in detail subsequently.
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Table 2. Summary of the questionnaires used to assess various psychological and cognitive characteristics of the participants by dimension and

subdimensions investigated.

Dimension, subdimensions, and questionnaires

Scores calculated

Psycho-affective functioning

Global affective experience

Modified PANAS?[44]

Current affective state

Modified SAMP [45]

BMIS©[46]

Anxiety

STAI-Y¢ (French version) [47]

Per sonality

Extraver sion, agreeableness, conscientiousness, emotional stability, and openness

TIPI®[48]

Per sonal motivations

Intrinsic motivation, extrinsic mativation, and amotivation

GMS/-28[49]

Per sonal habits and cognitive abilities
Cognitive abilities and habits
Cognitive abilities and habits (homemade questionnaire)

Cognitive functioning (older adults only)

Global cognitive function

MMSE? [43]

Positive affect score
Negative affect score

Intrinsic relevance
Controllability
Arousal

Novelty

Goal conduciveness

Pleasant-unpleasant
Arousal-calm

State anxiety
Trait anxiety

Extraversion
Agreeableness
Conscientiousness
Emotional stability
Openness

Knowledge
Accomplishment
Stimulation
Introjected motivation
Identified motivation
External motivation
Amotivation

Familiarity with computers
Familiarity with cognitive exer-
cises

Familiarity with cognitivetrain-
ing

Memory difficulty

Attentional difficulty

Playing a musical instrument
Playing board games

Playing games such as chess or
crossword puzzles

Sports and exercise

Meditation and relaxation

Total score
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Dimension, subdimensions, and questionnaires

Scores calculated

Executive functions

T™MT" [50]

FAB' [51]
Memory

5WT [52]

«  Execution time (in seconds)
«  Number of errors

. Total score

. Total score

8PANAS: Positive and Negative Affect Schedule.
BSAM: Self-Assessment Manikin.

°BMIS: Brief Mood Introspection Scale.
dSTAI-Y: State-Trait Anxiety Inventory.

®TIPI: Ten-ltem Personality Inventory.

fGMS: Global Motivation Scale.

IMMSE: Mini-Mental State Examination.
PTMT: Trail Making Test.

IFAB: Frontal Assessment Battery.

JSWT: 5 Words Test.

Psycho-Affective Functioning

We studied the psycho-affective functioning of the participants
according to 3 aspects: genera affective functioning in everyday
life, affective state at the time of the session (emotions and
mood), and anxiety level.

On the basis of the Positive and Negative Affect Schedule [44],
we constructed a 39-item scale to measure the participants
genera affective experience. The items were words describing
positive and negative affects, and the participants were asked
to indicate how frequently they experienced each one of these
affects during the last 6 months using a 7-point scale ranging
from 1 (“never”) to 7 (“several timesaday”). A positive affect
score and a negative affect score were calculated separately.

A modified Self-Assessment Manikin [45] was used to assess
the current affective state of the participants at the time of the
session. They wereinstructed to rate their affective state toward
the present situation with a 9-point scale along 5 dimensions:
intrinsic relevance, controllability, arousal, novelty, and goal
conduciveness. Intrinsic relevance refersto the current level of
pleasure felt and was rated from 1 (“unpleasant”) to 9
(“pleasant”). Controllahility reflects the feeling of control over
the situation, ranging from 1 (“uncontrollable”) to 9
(“controlled”). Arousal refers to the physiological and
psychological state of being awake and alert and was rated from
1 (“deep”) to 9 (“excitation”). As some authors have pointed
out that 3 dimensions are not sufficient to capture the current
affective state of individual s[53], weincluded 2 supplementary
dimensions that are considered essential in emotional episodes
according to appraisal theories of emotion [54], namely, novelty
and goal conduciveness. Novelty refersto thefeeling of novelty
of the current situation and was rated on a scale from 1
(“predictable”) to 9 (“surprising”). Goal conduciveness refers
to the consistency of the situation with current achievement
concerns and was rated on a scale from 1 (“obstructive’) to 9
(“conducive’).

https://rehab.jmir.org/2024/1/e48129

The second scale used to assess the current affective state of
participants was the Brief Mood Introspection Scale [46]
including 16 mood adjectives. Participants were asked to rate
the extent to which each adjective described their current mood
on a 4-point scale ranging from XX (“definitely do not feel”)
to VV (“definitely feel”). A total of 2 mood scores were
cal culated on thefollowing scales: pleasant-unpleasant (valence
dimension) and arousal-cam (arousal dimension). For each
scale, the higher the score, the more the current state of the
participant tended toward the first cited component (such as
“pleasant” for the pleasant-unpleasant scale).

The French version of the State-Trait Anxiety Inventory [47]
was used to evaluate participants anxiety. This questionnaire
is divided into 2 subscales, one measuring the current state of
anxiety (S-Anxiety) and the other measuring the anxiety trait
ingeneral (T-Anxiety). The S Anxiety scale consistsof 20 items
describing current statements (eg, “I feel safe” and “| fedl blue”)
that participants were asked to rate from 1 (“not at all”) to 4
(“very much so0”) to indicate how they feel “right now.” The
T-Anxiety scale contains 20 items of statementsthat participants
feel in general. Participants were asked to rate from 1 (“amost
never”) to 4 (“amost always’) the extent to which each of the
statements corresponded to them. Therefore, thetotal scorefrom
both scalesvariesfrom 20 to 80. The higher the score, the higher
the level of anxiety.

Personality

The Ten-ltem Personality Inventory [48] was used to measure
the personality traits of the participants: extraversion,
agreeableness, conscientiousness, emotional stability, and
openness to experience. Participants were asked to rate how
well a pair of personality traits matched them by choosing on
a 7-point scale from 1 (“disagree strongly”) to 7 (“agree
strongly”). An average of the 2 items by dimension was
calculated. The higher the score, the more the participant tended
toward the dimension trait.
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Personal Motivations

The Global Motivation Scale-28 [49] was used to assess the
personal motivations of our participants. It includes 28 items,
each of which describes apossible reason that drivesindividuals
to act in their lives (eg, “In general, | do things because | like
making interesting discoveries’). The participants were asked
to indicate the extent to which each of the statements
corresponded to the reasons why they do different things in
general ona7-point scale ranging from 1 (“ does not correspond
accordingly”) to 7 (“corresponds completely”). A total of 7
scoreswere calculated that reflect different motivations: intrinsic
motivation (toward knowledge, accomplishment, and
stimulation), extrinsic motivation (identified, introjected, and
external regulation), and amotivation. The higher the score, the
more the source of motivation influenced the participant’'s
behavior.

Personal Habits and Cognitive Abilities

To measure personal habits and cognitive abilities, we created
a 10-item questionnaire divided into 3 parts. In the first part,
participants rated their familiarity with computers, cognitive
exercises, and cognitive training from 1 (“very weak”) to 5
(“very strong”). In the second part, participants rated their
attentional and memory difficulty from 1 (“alot of difficulties’)
to 5 (“very few difficulties”). In the last part, participants rated
how often they practice different activities from 1 (“never”) to
5 (“very often”): playing musical instruments, playing board
games, playing chess, solving crossword puzzles, playing sports,
and meditation.

Cognitive Functioning (Older Adults Only)

We used 4 questionnaires to assess cognitive functionsin older
adults: the MM SE [43], Trail Making Test (TMT) [50], Frontal
Assessment Battery (FAB) [51], and 5 Words Test [52]. Al
thesetestsare widely used to detect cognitive decline associated
with dementia syndromes.

The MMSE was administered to investigate global cognitive
functioning. It consists of 30 items measuring different cognitive
abilitiesin afew minutes (eg, attention, memory, language, and
calculation) and provides a total score out of 30 that gives a
global view of cognitive functioning (the higher the score, the
better the cognitive ahilities). A score of 23 out of 30 is the
generally accepted cutoff indicating the presence of cognitive
impairment.

https://rehab.jmir.org/2024/1/e48129
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The TMT and FAB were used to assess executive function.
Successful completion of the TMT requires several cognitive
skills, such asvisual scanning and mental flexibility. The TMT
is divided into 2 parts. In Part A, measuring the speed of
processing, the participants had to connect numbersin ascending
order (from 1 to 25) as quickly as possible and without error,
and in Part B, measuring mental flexibility, the participants had
to connect numbers and letters in alternating and increasing
order (ig, 1, A, 2, B, and so on). Slower execution time and a
higher number of errors, compared to the norms of the tested
population, indicate a decline in executive functions.

The FAB was used to assess frontal lobe function and screen
for dysexecutive disorders through 6 subtests that examine
different cognitive functions: abstract reasoning, mental
flexibility, motor programming, interference sensitivity,
inhibitory control, and environmental autonomy. A total score
<16 out of 18 indicates the possibility of an executive function
disorder.

Finally, we used the 5 Words Test to examine episodic memory.
Thistest consists of evaluating the memorization of ashort list
of words in 4 steps: a learning phase, an immediate free and
cued recall, an interfering task, and then adelayed free and cued
recall. A total score should normally equal 10.

Evaluation of the Virtual Assistant

A specific questionnaire, administered in paper form, was
created for the evaluation of the virtual assistant. It contained
10 items investigating the participants’ opinion on the virtual
assistant and its impact on cognitive training across main
dimensions: (1) overall appreciation of the assistant, (2) impact
of the assistance on the comprehension of the exercises, (3)
impact on motivation, and (4) personality of the assistant.
Although the assistant was animated by a human pilot, an
evaluation of the assistant’s personality wasincluded to explore
some design features that users might be sensitive to and that
might influence their motivation to interact with the assistant
and complete the cognitive exercises (ie, sense of humor and
familiarity). The participants responded to each item using visual
analog scales ranging from 0 to 10 cm, which were then rated
in millimeters to calculate 7 scores exploring the dimensions
of interest (Table 3). Of the 7 scores, 3 (appreciation,
comprehension, and engagement) were calculated as the mean
of 2 items.
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Table 3. Synthesis of the items used and the scores calculated to evaluate the virtual assistant by dimension.

Dimensions examined, scores calculated, and items

Response (visual analog scales)

Overall appreciation of the virtual assistant

“Appreciation”

In general, did you find that the virtual assistant accompanied you well during the cognitive training

session?

If you had to do several cognitive training sessions per week at home, would you like to be accom-

panied by avirtual assistant like this one?
Impact of virtual assistance on comprehension

“Comprehension”

Did you always understand what you were supposed to do in the exercises?

Were the instructions and tips given by the virtual assistant useful
Impact of virtual assistance on motivation

“Engagement”

How would you rate your level of engagement in the exercises that you have done?

Did you feel able to perform the exercises?
“Desireto giveup”

Did you ever feel like giving up the session?
“Fatigue level”

After this session, how would you rate your level of fatigue?

Per sonality of the virtual assistant

“Familiarity”

Regarding the behavior of the virtual assistant, would you prefer it to be more or less familiar?

“Sense of humor”

Regarding the virtual assistant’s sense of humor, would you like it to be more or less humorous?

From “not at all” to “absolutely”

From “not at all” to “absolutely”

From “not at all” to “absolutely”

for you to do your exercises? From “not at all” to “absolutely”

From “very weak” to “very strong’

From “never” to “Always’

From “never” to “al thetime’

From “not at all tired” to “extremely
tired”

From “lessfamiliar” to“morefamiliar”

From “less humor” to “more humor”

CCT and Wizard of Oz Method

The participants performed the CCT on a Dell (Dell Inc)
computer with adiagonal monitor width of 24 inches. The CCT
consisted of 4 exercises that were selected from the
HappyNeuronPro cognitive training program designed by
Humans Matter (Lyon, France), a company providing services
for health and paramedical professionals such as speech
therapists and neuropsychologists. The selected exercises
engaged different cognitive functions such asmemory, language,
attention, and planification.

https://rehab.jmir.org/2024/1/e48129
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During the CCT session, the participant was guided by avirtual
assistant and could interact with her. The CCT was conducted
viathe software devel oped for this purpose by the Atos company
(Echiralles, France), which allowed alternating appearances of
the virtual assistant and the exercises. In redlity, the virtua
assistant was animated by ahuman pilot viathe so-called Wizard
of Oz method, that is, the pilot was in another room, and the
participant was not informed of her existence (refer to Figure
1 for pictures of the Wizard of Oz device). All sessions were
led by the same pilot.
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Figurel. Wizard of Oz device.

(A) The pilot’s room

The pilot sat in front of a Dell computer identical to that of the
participant. With a high-quality camera, we used the facial
motion capture solution proposed by the Dynamixyz company
(Rennes, France) to drive, in real time, the head and face
movements of a 3D avatar from those of the human pilot via
video analysis. A humanlike appearance was chosen for the
avatar, in line with the literature suggesting that older adults
prefer to interact with humanoid virtual assistants [32-34]
especially with femininefeatures[34,35]. The avatar represented
awoman in her thirties, with fair skin and short brown hair,
wearing ared jacket. The avatar was displayed from the front,
with the head, shoulders, and upper arms visible. She appeared
on a 3D background simulating the office of a hedth
professional, similar to those of neuropsychologists or speech
therapists who usually perform cognitive remediation. The
image of the avatar was transmitted in rea time on the
participant’s screen via the software developed by Atos.
Conversely, a webcam also transmitted the participant’s face

Zsoldos et d

(B) The participant’s room

in real time to the pilot’s screen so that the pilot could follow
the participant’s gaze and movements during the discussions to
make them more natural . The videos of the pilot and participant
were recorded for later use in the development of the empathic
virtual assistant proposed by the THERADIA consortium [42].
The pilot and participant communicated via headsets with
integrated microphones, and no audio processing was performed
to alter the pilot’s voice.

The speech of the virtual assistant was scripted and appeared
on the screen of the pilot, who could thus read it and scroll it
(refer to Figure 2 for a detailed view of the pilot screen). The
main framework of the assistant’s speech wasthereforeidentical
from one participant to another; however, if necessary, the
device alowed the pilot to intervene freely at any time during
the session to help participants with questions or difficulties.
In case of technica problems that could not be solved by the
virtual assistant, the pilot informed the experimenter who could
intervene.

Figure 2. The pilot's screen during a discussion between the virtual assistant and a participant (Atos software interface).

Live video stream
from the participant’s mmp
camera

Pilot’s script )

ouned tacisemant

Real-time detection of
the participant's face

The assistant’s speech was scripted to structure the session and
provide the best support for the participant throughout the
exercises. It was developed in line with the literature and the
recommendations of experts working with older adults

https://rehab.jmir.org/2024/1/e48129
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Feedback on the
exercises performed
by the participant

Intervention en cours...

The virtual assistant as
seen by the participant

experiencing cognitive impairment, particularly with regard to
the need for areassuring, predictable environment and emotional
support [40]. The assistant’s main roles are listed in Textbox 1.
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Textbox 1. The main roles of the assistant.
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Roles
«  Welcome the participant
«  Explain the purpose of the session and exercises

«  Explain how to complete the exercises

«  Provide feedback on exercise performance

«  Provide advice on how to improve performance

questions)

«  Help participants with technical difficulties (eg, explain how to launch or perform an exercise and re-explain if necessary)

«  Provideregular emotional support (eg, encourage participants, inquire about their emotional state, and suggest breaks if necessary)
«  Provideinformation on cognitive functions and cognitive training in general

«  Create a bond with the participant to create a comfortable environment and increase motivation (eg, make small talk and ask more persona

. Handleany situation that may arise during a computerized cognitive training session (eg, need for a break, loss of motivation, or distraction)

Thus, this study has thus enabled usto test this script to perfect
it and integrate it into the dialogue manager with an
event-controlled finite state automaton that will be used for the
final CCT software.

Procedure

The participants were invited to the Université Lumiére Lyon
2 (Bron, France) to perform a single session of CCT
accompanied by a virtual assistant. The complete experiment
lasted between 2 and 4 hours, depending on the participants.
The average duration of the CCT session, including interactions
with the virtual assistant, was around 1 hour and 15 minutes.
After completing the consent form, the participants answered
all the questionnaires assessing individual characteristics with
the assistance of the experimenter. A break was suggested at
the end of this first part, and participants were informed that
they could take abreak whenever they needed. Next, participants
were seated in front of the computer and provided with
headphones to perform the CCT with the virtual assistant. For
this second part of the experiment, the experimenter left the
room and |et the participants attend the session alone.

Thevirtual assistant welcomed the participants and tried to get
to know them, asking for some officia information (name and
age) and making some conversation about more personal topics,
such astheir job and hobbies. Thisfirst discussion was scripted
in such away as to make the participants feel comfortable and
get them used to interacting with the assistant. The assistant
then explained theinterest of CCT in training cognitive functions
and presented the course of the session, regularly asking
guestions to the participants.

Before each exercise, the virtual assistant gave the instructions
and explained in an interactive way which cognitive functions
were going to be trained. Then, the assistant disappeared for
the duration of the exercise but could reappear to intervene if
the participant had difficulty completing the exercise. After
each exercise, the virtual assistant asked the participants how
it went and gave them feedback on their performance, sometimes
tipsfor improvement, and encouragement for the next exercise.
Each exercise was performed twice, with the level of difficulty
adjusted the second time based on the performance the first

https://rehab.jmir.org/2024/1/e48129

time. After the last exercise, the virtual assistant asked the
participants how it went, whether they enjoyed the session, and
which exercises they liked best and why. The assistant then
thanked the participants before ending the CCT.

Inthelast part of the experiment, the participants answered the
guestionnaire evaluating the virtual assistant and the session
with the help of the experimenter. Finally, they were informed
about the Wizard of Oz device and were invited to meet the
human pilot.

Data Analysis

Data were analyzed using R (version 1.4; The R Foundation).
The package BayesFactor (version 0.9.12-4.4) [55] was used
to extract Bayes factors. Priors were set to default with an
ultrawide scale [56]. The 95% credible interval (Cl),
representing the 95% highest density interval, was computed
from posterior distribution using the package bayestestR (version
0.9.0) [57].

Analyseswere performed using the Bayesian framework because
it is more informative than the frequentist framework [58,59].
Indeed, rather than providing binary rejection information as
the P value does, the Bayes factor (BF,) provides a level of
evidence in favor of the aternative hypothesis against the null
hypothesis. According to Kass and Raftery [60], BF;, can be
interpreted as follows: BF;3=3 highlights moderate evidence,
BF;0=10 highlights strong evidence, and BF;;=100 highlights
decisive evidence.

We first tested whether the evaluation of the virtual assistant
differed with age by comparing age groups with 1-tailed
Bayesian t tests on each of the 7 scores of the assistant
evaluation (ie, appreciation, comprehension, engagement, desire
togive up, fatiguelevel, familiarity, and sense of humor). Then,
for each age group separately, we performed Bayesian
correlation analyses to investigate the relationship between the
virtual assistant’s evaluation and individual characteristics (ie,
psycho-affective functioning, personality, personal motivation,
habits, and cognitive functioning). The groups were analyzed
separately to highlight the specific profile of each population.
Bayesian Pearson correlation coefficients and the corresponding

JMIR Rehabil Assist Technol 2024 | vol. 11 | e48129 | p.14
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

BF,o were computed between the scores obtained on the

guestionnaires measuring participants’ characteristics and the
7 scores evaluating the virtual assistant. Descriptive data on
participants' responsesto all questionnaireswere al so computed.

Results

Evaluation of the Virtual Assistant and Group
Comparison

The mean ratings given by young and older participants to the
virtual assistant are presented by dimension in Table 4. Results
from Bayesian t tests suggested that young adults and older
adults rated the assistant differently on all measures. Strong
evidence was provided for the presence of adifference between

Zsoldos et d

age groupsin the appreciation of the assistant (Cohen d=—0.32,
95% CI -0.70 to 0.05, BF;;,=23.00), comprehension of the
exercises (Cohen d=—0.31, 95% C| —-0.68t0 0.06, BF;;>18.82),
and desire to give up training (Cohen d=0.25, 95% CI -0.12 to
0.62, BF;=10.18). There was moderate evidence of an
age-related difference in engagement (Cohen d=-0.19, 95% ClI
—0.55t0-0.18, BF,,=5.70), aswell asin ratings of familiarity
(Cohen d=0.20, 95% CI —-0.17 to 0.56, BF;,=5.79) and sense
of humor (Cohen d=0.17, 95% CI —0.19 to 0.54, BF;;,=4.69) of
the assistant. Finally, decisive evidence was provided for the
presence of a difference between groups in the level of fatigue
reported at the end of the training (Cohen d=0.69, 95% ClI
0.30-1.09, BF;;>1000).

Table 4. Rating results for the virtual assistant evaluation questionnaire by dimension and age group.

Dimension Older adults, mean (SD; range) Young adults, mean (SD; range) All, mean (SD)
Appreciation 7.88 (1.46; 3.57-9.80) 7.35(1.43; 3-9.57) 7.62 (1.46)
Engagement 7.89 (1.25; 3.70-9.80) 7.62 (1.23; 4-9.9) 7.75 (1.24)
Comprehension 8.13 (1.37; 3.70-10) 7.67 (1.30; 4.25-9.80) 7.90 (1.35)
Desireto give up 1.17 (1.64; 0.20-8.30) 1.56 (1.75; 0.10-7.10) 1.36 (1.70)
Fatigue level 3.45 (2.45; 0.20-8.30) 5.19 (2.31; 0.40-9.30) 430 (2.53)
Familiarity 5.75 (1.25; 3.70-9.30) 6.02 (1.44; 3.50-8.50) 5.89 (1.35)
Sense of humor 6.71 (1.74; 3.90-9.80) 7.00 (1.59; 3.30-9.80) 6.85 (1.67)

Correlational Analyses Between I ndividual
Characteristics and Virtual Assistant Evaluation

Psycho-Affective Functioning

In young adults, analyses revealed moderate evidence for
negative associations between the desire to give up and the
following: arousal (r=—0.35, 95% CI -0.56 to-0.1, BF,;;,=10.36),
intrinsic relevance (r=—0.30, 95% CI —-0.53t0-0.09, BF,;=4.43),

and goal conduciveness (r=—0.32, 95% CI -0.57 to -0.12,
BF,=7.65). We also observed moderate evidence for the

presence of a positive association between goal conduciveness

https://rehab.jmir.org/2024/1/e48129

and the overall appreciation of thevirtual assistant (r=0.32, 95%
Cl 0.07-0.53, BF;;=8.35). No evidence was provided for other

correlations.

In older adults, moderate evidence was observed for a negative
association between fatigue level and intrinsic relevance
(r=—0.28, 95% Cl -0.50 to 0, BF;;=3.20) and for a positive
association between fatigue level and state anxiety (r=0.28,
95% CI 0.04-0.53, BF;,=3.84). No evidence was provided for
other correlations. Participants scores on guestionnaires
assessing psycho-affective functioning are presented in Table
5.
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Table 5. Rating results for the psycho-affective measures by questionnaire and age group.

Questionnaire and score

Young adults, mean (SD; range)

Older adults, mean (SD; range)

Modified PANAS?

Positive affect score 4.63 (0.92; 2.61-6.50)

Negative affect score 3.08 (0.82; 1.71-5.05)
Modified SAMP

Arousd 5.46 (1.81; 1-9)

Intrinsic relevance 6.94 (1.16; 5-9)

Goal conduciveness 7.02 (1.20; 3-9)

Controllability 5.87 (1.77; 2-9)
Novelty 6.90 (2.52; 1-9)
BMIS®

Pleasant-unpl easant

Arousal-calm 2.22(0.33; 1.25-3)
STAI-Y¢

State anxiety 1.52 (0.40; 1-3.15)

Trait anxiety 2.15(0.53; 1.3-3.4)

3.13(0.36; 2.3-7.5)

458 (0.87; 2.28-6.17)
2.11 (0.61; 1.14-3.90)

7.98 (1.23; 5-9)
8.00 (1.10; 5-9)
7.81(1.27; 5-9)
6.73 (1.21; 3-9)
7.27 (2.22; 1-9)

3.55(0.25; 2.94-4)
2.41(0.31; 1.58-3.08)

1.30 (0.24; 1-2.1)
1.75 (0.41; 1.05-2.75)

3PANAS: Positive and Negative Affect Schedule.
BSAM: Self-Assessment Manikin.

°BMIS: Brief Mood Introspection Scale.
ISTAI-Y: State-Trait Anxiety Inventory.

Personality

The Bayes factor showed no evidence in favor of the presence
of correlations between personality scores and the assistant’s

Table 6. Ten-ltem Personality Inventory (TIPIl) scores by age group.

evaluation in either young or older adults (refer to Table 6 for
Ten-1tem Personality Inventory scores).

TIPI scores Young adults, mean (SD; range) Older adults, mean (SD; range)
Extraversion 4.13(1.41; 1.5-7) 3.94(1.21; 1-7)
Agreeableness 5.17 (0.96; 3.5-7) 5.38 (0.83; 3.5-7)

Conscientiousness 5.17(1.19; 1.5-7)
3.85(1.34; 2-6.5)

5.25 (1.06; 2-7)

Emotional stability

Openness to experience

5.85 (0.95; 3.5-7)
4.94 (1.14; 2-7)
5.18 (0.98; 2.5-7)

Personal Motivations

In young adults, the Bayes factor showed no evidence of
correlations between personal motivation scores and the
assistant’sevaluation. In older adults, results revealed moderate

https://rehab.jmir.org/2024/1/e48129
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evidence of anegative correlation between intrinsic motivation
toward knowledge and fatigue level (r=—0.26, 95% CI -0.52 to
—0.06, BF;,=3.02; refer to Table 7 for a description of Global

Motivation Scale-28 scores).
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Table 7. Global Motivation Scale (GM S)-28 scores by age group.

Zsoldos et d

GMS-28 scores

Young adults, mean (SD; range)

Older adults, mean (SD; range)

Motivation toward knowledge 5.46 (1.21; 1.75-7)
5.08 (1.44; 1.25-7)
5.20 (0.94; 2.75-7)
4.25(1.23; 1.75-6.75)
5.17 (1.05; 2.25-7)
3.94 (1.38; 1.25-6.75)

2.76 (1.11; 1-5.75)

Motivation toward accomplishment
Motivation toward stimulation
Introjected motivation

Identified motivation

External motivation

Amotivation

6.00 (0.78; 4.25-7)
4,82 (1.28; 2.25-7)
5.42 (0.99; 2.75-7)
3.31 (1.25; 1-5.75)
4.13 (1.94; 5-6.75)
2.81 (1.54; 3.65-5.25)
2.62 (1.19; 1-6)

Personal Habits

In older adults, moderate evidence was observed for a positive
relationship between exercise engagement and familiarity with

In young adults, analyses provided moderate evidence for a cognitive training exercises (r=0.27, 95% Cl 0.01-0.53,

negative correlation between fatigue level and sport activity
habit (r=—0.27, 95% CI —0.49 to -0.03, BF;;=3.28). No other

correlations were observed.

BF;0=3.33), as well as between the desire to give up and the
habit of playing board games (r=0.28, 95% CI 0.04-0.50,
BF;0=3.67). No other correlations were observed. Descriptive
statistics of participants' responses to the questionnaire on
personal habits and cognitive abilities are provided in Table 8.

Table 8. Rating results for the personal habits and cognitive abilities questionnaire by item and age group.

Personal habits and cognitive abilities

Young adults, mean (SD; range) Older adults, mean (SD; range)

Familiarity with...
Computers
Cognitive exercises
Cognitive training
Cognitive abilities
Memory difficulty
Attentional difficulty
Freguency of activities
Playing amusical instrument
Playing board games
Playing games such as chess or crossword puzzles
Sports and exercise

Meditation and relaxation

3.75(0.74; 2-5)
2.53(0.88; 1-4)
1.94 (0.75; 1-4)

3.42 (0.67; 2-5)
2.98 (1.04; 1-5)
2.48 (1.04; 1-4)

3.56 (0.67; 2-5)
3.52(0.92; 2-5)

3.65 (0.62; 3-5)
3.88 (0.83; 2-5)

1.35 (0.86; 1-5)
3.15(0.98; 1-5)
3.06 (1.32; 1-5)
4.19 (0.66; 2-5)
2.31(1.26; 1-5)

1.98 (1.13; 1-5)
3.23(1.02; 1-5)
2.17 (1.00; 1-5)
354 (1.13; 1-5)
2.04 (1.10; 1-5)

Cognitive Functioning (Older Adults Only)

Moderate evidence was observed for a positive correlation
between overall cognitive functioning (as measured by MM SE
total score) and exercise engagement (r=0.31, 95% CI 0.09-0.55,
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BF;0=6.28). No evidence was provided for other correlations.
Descriptive statistics of older adults performance on the
guestionnaires measuring cognitive functioning are presented
in Table 9.
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Table 9. Older adults' scores on questionnaires measuring cognitive functioning.

Questionnaire and score

Values, mean (SD; range)

MM SE?

Total score

TMTP
Execution time

Number of errors
FAB®

Total score

swTd

Total score

28.96 (1.24; 25-30)

82.62 (32.22; 47.5-208)
0.30 (0.69; 0-4)

17.10 (1.42; 13-18)

9.90 (0.45; 7-10)

3 MSE: Mini-Mental State Examination.
BTMT: Trail Making Test.

CFAB: Frontal Assessment Battery.
d5\WT: 5 Words Test.

Discussion

Principal Findings

In this study, we explored the interest of adding a virtual
assistant during CCT, with the objective of improving patients
adherence to cognitive training programs performed
autonomously at home. To this end, we recruited young and
older adultsto complete and evaluate a CCT session conducted
by avirtual assistant and explored the rel ationship between their
evauation and various individual factors (ie, age,
psycho-affective functioning, personality, persona motivations,
and cognitive skills). Overall, the results suggested that avirtual
assistant would be appreciated and useful during CCT in both
age groups. Certain characteristics of users, especialy their
current affective state, would be related to their evaluation of
the session.

The high appreciation scores showed that both young and older
adultsfelt well accompanied by the virtual assistant during CCT.
The virtual assistant appeared to have had a beneficial impact
on exercise comprehension and motivation, as suggested by the
strong engagement and very low desire to give up reported by
both groups. The level of fatigue declared at the end of the
session was fairly mild and can be partly explained by the
novelty of the device and the experimental context. As for the
assistant’s personality, both groups would have preferred it to
be more familiar and humorous; therefore, these parameters
should be considered when developing such an assistant. A
recent review of the literature showed that other parameters
regarding conversational style should also be considered [61].
For example, virtual health assistants exhibiting nonverbal
relational behaviors and self-disclosure were associated with a
better user experience. In addition, these same authors stressed
the importance of a redistic rendering of the assistant’s
appearance, evoking amedical context. However, there may be
cultural differencesin design preferencesfor virtual assistants.
One study showed, for example, apreferencefor strong realism
among older participants from the Netherlands, while Swiss

https://rehab.jmir.org/2024/1/e48129

participants preferred a cartoon-like appearance [34]. One
solution could be to offer avatar customization options in this
kind of software. Further research on the optimal design of
virtual assistants is neverthel ess necessary.

Moreover, Bayesian analyses brought evidence for differences
between age groups on all dimensions assessed. Older adults
appreciated the virtual assistant dlightly more than young adults
and reported higher engagement and better comprehension of
the exercises. They reported less desire to give up and less
fatigue at the end of training than their younger counterparts.
The main explanation for these differencesis certainly that this
version of the device was specifically conceived for older adults
with or without cognitive impairments, considering their
preferences and needs, which may differ from those of young
adults [32-35,40,41]. Young adults may also have felt less
concerned by cognitive training; adaptations will be necessary
to propose the device to ayounger public experiencing cognitive
disorders. For example, analyses showed that familiarity and
sense of humor were more important for young than for older
adults, suggesting that the assistant’s personality should be
adapted according to the target audience. In addition, there is
some evidence that young adults may prefer to interact with
less realistic, nonhuman virtual assistants (eg, zoomorphic or
machine-like assistants), unlike older adults [32].

Because older adults’ responsestended to amplify the beneficial
aspects of the virtual assistant during CCT and minimize the
negative effects, such as the desire to give up or fatigue, it is
also possible that a social desirability biaswas at work in older
adults. This bias refers to people’'s tendency to present
themselves in an overly positive manner in self-reports [62],
and it has been shown to increase with age, especialy when it
comesto reports of well-being, depressive symptoms, and mood
[62,63]. The differences observed between age groups were
nevertheless quite small on al dimensions measured, except
for fatigue, where older adults reported a much lower level of
fatigue than young adults. Because fatigue may beamoredirect
reflection of health and self-image than the other measures,
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which may both be negatively impacted by aging, it seems
possible that the social desirability bias would be particularly
visiblein this dimension.

Bayesian correlations alowed us to identify interesting
associations between some individual characteristics and the
evaluation of thevirtual assistant. Psycho-affective functioning,
especialy affective state at the time of the session, appeared to
play an important role in both age groups. In young adults, the
results showed that 3 parameters of current affective state would
be moderately associated with the desire to give up the session:
goa conduciveness, arousal, and intrinsic relevance. As goal
conduciveness (ie, the consistency of the situation with current
concerns) increased, the desire to give up decreased and the
appreciation of the virtual assistant increased, suggesting that
goal conducivenesswould be particularly associated with young
adults’ motivation during CCT. In addition, the higher the
arousal (ie, state of alertness) and intrinsic relevance (ie, level
of pleasure) at the time of the session, thelesser thedesire young
adults had to give up the session.

The results obtained in older adults also highlighted the
importance of current affective state (ie, intrinsic relevance and
anxiety state) during CCT but in relation to the level of fatigue
reported at the end of the session. Indeed, older adults’ fatigue
increased with anxiety state and decreased asintrinsic relevance
increased. To minimize fatigue during CCT, help from the
virtua assistant to manage anxiety could therefore be beneficial.
In both age groups, no evidence was provided for correlations
between the assistant's evaluation and global affective
experience in everyday life (modified Positive and Negative
Affect Schedule), anxiety trait (State-Trait Anxiety Inventory),
and some other measures of current affective state (Brief Mood
Introspection Scale scores, controllability, and novelty). We
did not observe any relationships between psycho-affective
functioning and participants’ engagement in and comprehension
of the exercises.

Nevertheless, our dataoverall suggest that different dimensions
of emotional state, such asarousal, goal conduciveness, intrinsic
relevance, and anxiety, are likely to modulate participants
appreciation of the CCT and their motivation (ie, desireto give
up and fatigue), which could eventually impact adherence to
thetraining program. The ability to detect and react to emotional
states would therefore be a particularly useful feature for a
virtual assistant in CCT, which would contribute to maintaining
or even improving motivation [42]. Thisproposition isconsistent
with the available literature, suggesting that virtual health
assistantswho demonstrate empathy are associated with amore
positive user experience [61] and may increase adherence by
giving the impression of being understood [40]. When
developing an empathetic virtual assistant, for example, the
detection of anxiety in the user’'s facial expression or voice
could lead the assi stant to question them about the cause of their
anxiety, to reassure them, to propose a break, or to adapt the
difficulty level of the exercises.

Our analyses did not provide evidence for correlations between
users personality traits (based on the Big Five personality traits)
and the evaluation of the assistant in any age group. Moreover,
no relationship was observed in young adults between their
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personal motivations and the assistant’s evaluation, whereas
older adults presented a decrease in the level of fatigue as
intrinsic motivation toward knowledge increased. We aso
observed some correlations with personal habits (eg, sports
activity, familiarity with cognitive training exercises, or playing
board games) in both age groups. In young adults, high sports
activity was associated with low fatigue at the end of CCT. In
older adults, we observed that (1) the more they were used to
cognitive training exercises, the more engaged they felt during
CCT, and (2) the more they were used to playing board games,
the more they desired to give up the session. Further
investigations are necessary to clarify these results.

Interestingly, we did not observe any correlation between
computer familiarity and session evaluation. However, the CCT
in our study was led by ahuman pilot who was able to provide
optimal support by reacting appropriately to any situation. For
home-based CCT, without human assistance, one can expect
that computer familiarity will be adetermining factor in handling
the CCT software. A virtual assistant would be a key element
in ensuring the success of cognitive training by directly
answering users questions and helping them solve their
difficulties, especially among those who are not familiar with
computers. However, as older adults have expressed their need
for personalized help in acquiring knowledge of new
technologies [64], minimal training in using the CCT software
will remain necessary and can be provided by heath
professionals.

Analyses also revealed that exercise engagement positively
correlated with overall cognitive functioning (assessed by
MM SE total score) in older adults. This result meansthat older
adultswith low cognitive functioning would be likely to beless
engaged in completing the exercises. This is a delicate point
because CCT with or without an assistant is aimed particularly
at people with, or at risk of, cognitive disorders. Furthermore,
cognitive training is typically prescribed at an average of 1 to
2 sessions per week over a minimum of 8 weeks to several
months to have a beneficial effect [14,15,65,66], so the
repetitiveness of the sessions is likely to cause a drop in
motivation. In line with the propositions made earlier, extreme
attention should then be paid to the management of motivation
and reassurance of patients when developing a virtual assistant
to accompany CCT. In this regard, this exploratory study has
2major limitations. First, we have not yet collected the opinions
of patientswith MCI on CCT with avirtual assistant. Itisindeed
possiblethat patients with cognitive disorders may evaluate the
virtual assistant differently from healthy people. Nevertheless,
we did anticipate possible discrepancies by considering the
particularities of patients with cognitive impairment when
developing the virtual assistant. The assistant’s script was
notably conceived in line with the recommendations of experts
working with older adults with cognitive disorders [40]. The
second limitation of our study isthat it provides no information
on the effectiveness of our device in the training of cognitive
functions, compared to CCT without avirtual assistant. On the
basis of the data collected in thisfirst study, including the videos
of the human pilot and participants, we are currently devel oping
thefirst version of our future autonomous virtual assistant [42].
The videos of the human pilot will be used to devel op thefacial
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expressions and voice of the virtua assistant, and the
participants' videos will be used to train our artificial
intelligence to autonomously detect users' facial expressions,
particularly those expressing emotions and fatigue, so that the
virtual assistant can react appropriately. The next step in our
work will be to test this autonomous agent with patients with
MCI in a longitudinal approach to evaluate the benefits of
cognitivetraining accompanied by avirtual assistant inthelong
term.

In this context, the last topic that we wanted to address concerns
thetechnology that will underpin our virtua assistant and virtual
assistants in general. In this study, interactions between the
assistant and user were scripted: this enabled usto test a series
of adapted dialogues, with the aim of using them later to develop
a dialogue manager with an event-controlled finite state
automaton. While we were conducting this study and writing
this paper, large language models such as ChatGPT were
undergoing significant development. However, dialogue
managers with a finite number of possible interactions have
certain advantages, especialy for patients with cognitive
disorders. First, such a device allows us to master and certify
all verbal content, thus providing astable and rather predictable
environment for those patients who may have comprehension
difficulties. Although popular generative models such as
ChatGPT have not been technically disclosed, it is known that
human knowledge is used by reinforcement learning to avoid
systems providing misleading information, particularly on at-risk
topics such as health or religion. However, these limitations are
not clearly defined and vary according to model updates, so the
risk of leading the user to inappropriate actions or behaviors
due to misinterpretation of the model is far from negligible.
People with cognitive disorders need a safe environment in
which to interact with a virtual assistant, which requires total
control over the possible responses given by the technology.
Second, we avoid confidentiality and ethical issues by not basing
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our virtual assistant on this technology. Indeed, the European
Union Artificial Intelligence Act [67] will specifically ban
artificial intelligence systems with unacceptable risks that
include cognitive behavioral manipulation of specific vulnerable
individuals or groups. Finaly, we have more control over
processing issues such as response time using cost-effective
and lightweight processing with no graphics processing units.
However, we do use large language models to enhance the
capacity of the virtual assistant to detect the user’s intention
and emotion. The dialogue editor also uses the ChatGPT
application programming interface to facilitate the work of
scriptwriters, notably by generating paraphrases to avoid too
repetitive interventions. All scripts are examined and revised
by human scriptwriters.

Conclusions

The recent COVID-19 pandemic has emphasized the urgency
of developing digital health technologies, as they are a useful
tool for remote monitoring and can help ensure continuity of
patient follow-up [68]. In our aging population, the number of
individuals with cognitive impairment, MCI, and dementiais
expanding, and CCT is a key solution for patients to continue
their training at home. Because the lack of social interactions
may contribute to the lower effectiveness of home-based CCT
[9], the addition of avirtual assistant in CCT would allow for
amore stimulating accompaniment with social interactionsthat
would compensate for the absence of atherapist and reducethe
feelings of loneliness often reported by older adults [69]. This
study has shown that such a virtual assistant would be
appreciated by young and older adults and could have a
beneficial influence on users’ motivation, provided that it can
handle different situations and, in particular, take into account
their emotional state. Following thisexploratory study, the next
step will beto evaluate our solution with patientswith MCl and
test its effectiveness in long-term cognitive training.

Thisstudy ispart of the THERADIA (Thérapies Digitales Augmentéespar I’ Intelligence Artificielle) project, financed by Banque
Publigue d’ Investissement (BPI) France within the framework of “Investissement d’ Avenir—Projets de R& D Structurants Pour
la Compétitivité” (PSPC), decision n°2019—PSPC 13 of December 16, 2019.

Conflictsof Interest
None declared.

References

1. Dementia. World Health Organization. 2023. URL : https.//www.who.int/news-room/fact-sheets/detail/dementia [accessed

2024-04-29)]

2. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The diagnosis of mild cognitive impairment
due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups
on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 2011 May;7(3):270-279 [FREE Full text] [doi:

10.1016/j.jalz.2011.03.008] [Medline: 21514249]

3. TriccoAC, Soohiah C, Berliner S, Ho IM, Ng CH, Ashoor HM, et a. Efficacy and safety of cognitive enhancersfor patients
with mild cognitive impairment: a systematic review and meta-analysis. CMAJ 2013 Nov 05;185(16):1393-1401 [FREE
Full text] [doi: 10.1503/cmaj.130451] [Medline: 24043661]

4.  Wong CW. Pharmacotherapy for dementia: a practical approach to the use of cholinesterase inhibitors and memantine.
Drugs Aging 2016 Jul;33(7):451-460. [doi: 10.1007/s40266-016-0372-3] [Medline: 27154396]

https://rehab.jmir.org/2024/1/e48129

JMIR Rehabil Assist Technol 2024 | vol. 11 | e48129 | p.20
(page number not for citation purposes)


https://www.who.int/news-room/fact-sheets/detail/dementia
https://europepmc.org/abstract/MED/21514249
http://dx.doi.org/10.1016/j.jalz.2011.03.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21514249&dopt=Abstract
http://www.cmaj.ca/cgi/pmidlookup?view=long&pmid=24043661
http://www.cmaj.ca/cgi/pmidlookup?view=long&pmid=24043661
http://dx.doi.org/10.1503/cmaj.130451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24043661&dopt=Abstract
http://dx.doi.org/10.1007/s40266-016-0372-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27154396&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Zsoldos et d

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Lissek V, Suchan B. Preventing dementia? Interventional approachesin mild cognitive impairment. Neurosci Biobehav
Rev 2021 Mar;122:143-164. [doi: 10.1016/j.neubiorev.2020.12.022] [Medline: 33440197]

Vaci N, Koychev |, Kim CH, Kormilitzin A, Liu Q, Lucas C, et al. Real-world effectiveness, its predictors and onset of
action of cholinesterase inhibitors and memantine in dementia: retrospective health record study. Br J Psychiatry 2021
May;218(5):261-267. [doi: 10.1192/bjp.2020.136] [Medline: 32713359]

Zucchella C, Sinforiani E, Tamburin S, Federico A, Mantovani E, Bernini S, et al. The multidisciplinary approach to
Alzheimer's disease and dementia. A narrative review of non-pharmacological treatment. Front Neurol 2018;9:1058 [FREE
Full text] [doi: 10.3389/fneur.2018.01058] [Medline: 30619031]

Hill NT, Mowszowski L, Naismith SL, Chadwick VL, ValenzuelaM, Lampit A. Computerized cognitive training in older
adults with mild cognitive impairment or dementia: a systematic review and meta-analysis. Am J Psychiatry 2017 Apr
01;174(4):329-340. [doi: 10.1176/appi.ajp.2016.16030360] [Medline: 27838936]

Lampit A, Hallock H, Valenzuela M. Computerized cognitive training in cognitively healthy older adults: a systematic
review and meta-analysis of effect modifiers. PLoS Med 2014 Nov;11(11):e1001756 [FREE Full text] [doi:
10.1371/journal.pmed.1001756] [Medline: 25405755]

Leung IH, Walton CC, Hallock H, Lewis SJ, ValenzuelaM, Lampit A. Cognitive training in Parkinson disease: a systematic
review and meta-analysis. Neurology 2015 Nov 24;85(21):1843-1851 [FREE Full text] [doi:
10.1212/WNL.0000000000002145] [Medline: 26519540]

GavelinHM, Domell6f ME, Leung |, Neely AS, Launder NH, Nategh L, et al. Computerized cognitivetraining in Parkinson's
disease: a systematic review and meta-analysis. Ageing Res Rev 2022 Sep;80:101671. [doi: 10.1016/j.arr.2022.101671]
[Medline: 35714854]

Hu M, Wu X, Shu X, Hu H, Chen Q, Peng L, et a. Effects of computerised cognitive training on cognitive impairment: a
meta-analysis. J Neurol 2021 May;268(5):1680-1688. [doi: 10.1007/s00415-019-09522-7] [Medline: 31650255]

Belleville S, Boller B, Val LP. Cognitivetraining in mild cognitive impairment. In: Strobach T, Karbach J, editors. Cognitive
Training: An Overview of Features and Applications. Cham, Switzerland: Springer; 2016:187-197.

Butler M, McCreedy E, Nelson VA, Desai P, Ratner E, Fink HA, et a. Does cognitive training prevent cognitive decline?:
asystematic review. Ann Intern Med 2018 Jan 02;168(1):63-68 [ FREE Full text] [doi: 10.7326/M17-1531] [Medline:
29255842]

Gates NJ, Rutjes AW, Di Nisio M, Karim S, Chong LY, March E, et a. Computerised cognitive training for 12 or more
weeks for maintaining cognitive function in cognitively healthy people in late life. Cochrane Database Syst Rev 2020 Feb
27,2(2):CD012277 [FEREE Full text] [doi: 10.1002/14651858.CD012277.pub3] [Medline: 32104914]

Gates NJ, Vernooij RW, Di Nisio M, Karim S, March E, Martinez G, et al. Computerised cognitive training for preventing
dementiain people with mild cognitive impairment. Cochrane Database Syst Rev 2019 Mar 13;3(3):CD012279 [FREE
Full text] [doi: 10.1002/14651858.CD012279.pub?] [Medline: 30864747]

Mowszowski L, Batchelor J, Naismith SL. Early intervention for cognitive decline: can cognitive training be used as a

sel ective prevention technique? Int Psychogeriatr 2010 Jun;22(4):537-548. [doi: 10.1017/S1041610209991748] [Medline:
20170585]

Stern Y. What is cognitive reserve? Theory and research application of the reserve concept. J Int Neuropsychol Soc 2002
Mar;8(3):448-460. [Medline: 11939702]

Stern Y. Cognitive reservein ageing and Alzheimer's disease. Lancet Neurol 2012 Nov;11(11):1006-1012 [FREE Full text]
[doi: 10.1016/S1474-4422(12)70191-6] [Medline: 23079557]

Gaitan A, GaroleraM, CerullaN, Chico G, Rodriguez-Querol M, Canela-Soler J. Efficacy of an adjunctive computer-based
cognitive training program in amnestic mild cognitive impairment and Alzheimer's disease: a single-blind, randomized
clinical trial. Int J Geriatr Psychiatry 2013 Jan;28(1):91-99. [doi: 10.1002/gps.3794] [Medline: 22473855]

Kallio EL, Ohman H, Kautiainen H, Hietanen M, Pitkala K. Cognitive training interventions for patients with Alzheimer's
disease: a systematic review. J Alzheimers Dis 2017;56(4):1349-1372. [doi: 10.3233/JAD-160810] [Medline: 28222505]
Clare L, Woods RT. Cognitive training and cognitive rehabilitation for people with early-stage Alzheimer's disease: a
review. Neuropsychol Rehabil 2004 Sep;14(4):385-401. [doi: 10.1080/09602010443000074]

Jaeggi SM, Buschkuehl M, Shah P, Jonides J. Therole of individual differencesin cognitive training and transfer. Mem
Cognit 2014 Apr;42(3):464-480. [doi: 10.3758/s13421-013-0364-z] [Medline: 24081919]

F Corbett C, M CombsE, JWright B, L OwensO, Stringfellow I, Nguyen T, et a. Virtual home assistant use and perceptions
of usefulness by older adults and support person dyads. Int J Environ Res Public Health 2021 Jan 27;18(3):1113 [FREE
Full text] [doi: 10.3390/ijerph18031113] [Medline: 33513798]

Arnold A, Kolody S, Comeau A, Miguel Cruz A. What does the literature say about the use of personal voice assistantsin
older adults? A scoping review. Disabil Rehabil Assist Technol 2024 Jan;19(1):100-111. [doi:
10.1080/17483107.2022.2065369] [Medline: 35459429]

Bolafios M, Collazos C, Gutiérrez F. Adapting a virtual assistant device to support the interaction with elderly people. In;
Proceedings of the 6th International Conference on Information and Communication Technologies for Ageing Well and
e-Health. 2020 Presented at: ICT4AWE '20; May 3-5, 2020; Prague, Czech Republic p. 291-298 URL : https.//www.
scitepress.org/Papers/2020/98401/98401. pdf [doi: 10.5220/0009840102910298]

https://rehab.jmir.org/2024/1/e48129 JMIR Rehabil Assist Technol 2024 | vol. 11 | e48129 | p.21

(page number not for citation purposes)


http://dx.doi.org/10.1016/j.neubiorev.2020.12.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33440197&dopt=Abstract
http://dx.doi.org/10.1192/bjp.2020.136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32713359&dopt=Abstract
https://europepmc.org/abstract/MED/30619031
https://europepmc.org/abstract/MED/30619031
http://dx.doi.org/10.3389/fneur.2018.01058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30619031&dopt=Abstract
http://dx.doi.org/10.1176/appi.ajp.2016.16030360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27838936&dopt=Abstract
https://dx.plos.org/10.1371/journal.pmed.1001756
http://dx.doi.org/10.1371/journal.pmed.1001756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25405755&dopt=Abstract
https://europepmc.org/abstract/MED/26519540
http://dx.doi.org/10.1212/WNL.0000000000002145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26519540&dopt=Abstract
http://dx.doi.org/10.1016/j.arr.2022.101671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35714854&dopt=Abstract
http://dx.doi.org/10.1007/s00415-019-09522-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31650255&dopt=Abstract
https://www.acpjournals.org/doi/abs/10.7326/M17-1531?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.7326/M17-1531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29255842&dopt=Abstract
https://boris.unibe.ch/id/eprint/141265
http://dx.doi.org/10.1002/14651858.CD012277.pub3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32104914&dopt=Abstract
https://boris.unibe.ch/id/eprint/128495
https://boris.unibe.ch/id/eprint/128495
http://dx.doi.org/10.1002/14651858.CD012279.pub2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30864747&dopt=Abstract
http://dx.doi.org/10.1017/S1041610209991748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20170585&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11939702&dopt=Abstract
https://europepmc.org/abstract/MED/23079557
http://dx.doi.org/10.1016/S1474-4422(12)70191-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23079557&dopt=Abstract
http://dx.doi.org/10.1002/gps.3794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22473855&dopt=Abstract
http://dx.doi.org/10.3233/JAD-160810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28222505&dopt=Abstract
http://dx.doi.org/10.1080/09602010443000074
http://dx.doi.org/10.3758/s13421-013-0364-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24081919&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph18031113
https://www.mdpi.com/resolver?pii=ijerph18031113
http://dx.doi.org/10.3390/ijerph18031113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33513798&dopt=Abstract
http://dx.doi.org/10.1080/17483107.2022.2065369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35459429&dopt=Abstract
https://www.scitepress.org/Papers/2020/98401/98401.pdf
https://www.scitepress.org/Papers/2020/98401/98401.pdf
http://dx.doi.org/10.5220/0009840102910298
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Zsoldos et d

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

Jegundo AL, Dantas C, Quintas J, Dutra J, Almeida AL, Caravau H, et al. Perceived usefulness, satisfaction, ease of use
and potential of avirtual companion to support the care provision for older adults. Technol 2020 Jul 25;8(3):42. [doi:
10.3390/technol 0gies8030042]

Yaghoubzadeh R, Kramer M, Pitsch K, Kopp S. Virtual agentsasdaily assistantsfor elderly or cognitively impaired people.
In: Proceedings of the 13th International Conference on Intelligent Virtual Agents. 2013 Presented at: 1VA '13; August
29-31, 2013; Edinburgh, UK p. 79-91 URL: https:/link.springer.com/chapter/10.1007/978-3-642-40415-3 7 [doi:
10.1007/978-3-642-40415-3 7]

Velciu M, Kaczmarek M, M'rzan M, Teunissen B, Andrushevich A, Spiru L. Virtual assistant for healthy aging: benefits
perceived by elders. In: Proceedings of the 4th International Conference on Neuroscience and Cognitive Brain Information.
2019 Presented at: BRAININFO '19; June 30-July 4, 2019; Rome, Italy p. 12-15 URL : https://personal es.upv.es/thinkmind/
dl/conferences/braininfo/braininfo_2019/braininfo_2019 1_30 90029.pdf

GoéngoraAlonso S, Hamrioui S, delaTorre Diez |, Motta Cruz E, Ldpez-Coronado M, Franco M. Socia robots for people
with aging and dementia: a systematic review of literature. Telemed J E Health 2019 Jul;25(7):533-540. [doi:
10.1089/tmj.2018.0051] [Medline: 30136901]

Ter Stal S, Broekhuis M, van Velsen L, Hermens H, Tabak M. Embodied conversational agent appearance for health
assessment of older adults: explorative study. IMIR Hum Factors 2020 Sep 04;7(3):€19987 [FREE Full text] [doi:
10.2196/19987] [Medline: 32886068]

StralBmann C, Kramer NC. A categorization of virtual agent appearances and a qualitative study on age-related user
preferences. In: Proceedings of the 17th International Conference on Intelligent Virtual Agents. 2017 Presented at: VA
'17; August 27-30, 2017; Stockholm, Sweden p. 27-30 URL : https://link.springer.com/chapter/10.1007/978-3-319-67401-8 51
[doi: 10.1007/978-3-319-67401-8 51]

StralBmann C, Kramer NC, Buschmeier H, Kopp S. Age-related differencesin the evaluation of avirtua health agent's
appearance and embodiment in a health-related interaction: experimental lab study. J Med Internet Res 2020 Apr
23;22(4):e13726 [FREE Full text] [doi: 10.2196/13726] [Medline: 32324146]

Tsiourti C, Joly E, Wings C, MoussaMB, Wac K. Virtual assistive companions for older adults: qualitative field study and
designimplications. In: Proceedings of the 8th International Conference on Pervasive Computing Technologiesfor Healthcare.
2014 Presented at: PervasiveHealth '14; May 20-23, 2014; Oldenburg, Germany p. 57-64 URL: https://dl.acm.org/doi/
10.4108/icst.pervasivehealth.2014.254943 [doi: 10.4108/icst.pervasiveheal th.2014.254943]

Esposito A, Amorese T, Cuciniello M, Riviello MT, Esposito AM, Troncone A, et a. Elder user’s attitude toward assistive
virtual agents: the role of voice and gender. J Ambient Intell Human Comput 2019 Aug 20;12(4):4429-4436. [doi:
10.1007/s12652-019-01423-x]

Foukarakis M, Karuzaki E, Adami I, Ntoa S, Partarakis N, Zabulis X, et al. Quality assessment of virtual human assistants
for elder users. Electron 2022 Sep 26;11(19):3069. [doi: 10.3390/el ectronics11193069]

Rampioni M, Stara V, Felici E, Rossi L, Paolini S. Embodied conversational agents for patients with dementia: thematic
literature analysis. IMIR Mhealth Uhealth 2021 Jul 16;9(7):e25381 [FREE Full text] [doi: 10.2196/25381] [Medline:
34269686]

Park EA, Jung AR, Lee KA. The humanoid robot Sil-Bot in a cognitive training program for community-dwelling elderly
people with mild cognitive impairment during the COVID-19 pandemic: arandomized controlled tria. Int J Environ Res
Public Health 2021 Aug 03;18(15):8198 [FREE Full text] [doi: 10.3390/ijerph18158198] [Medline: 34360490]

Bickmore TW, Mitchell SE, Jack BW, Paasche-Orlow MK, Pfeifer LM, O'donnell J. Response to arelational agent by
hospital patients with depressive symptoms. Interact Comput 2010 Jul 01;22(4):289-298 [FREE Full text] [doi:
10.1016/j.intcom.2009.12.001] [Medline: 20628581]

Koebel K, Lacayo M, Murai M, Tarnanas |, Coltekin A. Expert insights for designing conversational user interfaces as
virtual assistants and companions for older adults with cognitive impairments. In: Proceedings of the 5th International
Workshop on Chatbot Research and Design. 2022 Presented at: CONVERSATIONS '21; November 23-24, 2021; Virtua
Event p. 23-38 URL: https://link.springer.com/chapter/10.1007/978-3-030-94890-0 2 [doi: 10.1007/978-3-030-94890-0_2]
LiuN, PuQ, Shi Y, Zhang S, Qiu L. Older adults' interaction with intelligent virtual assistants: the role of information
modality and feedback. Int JHum Comput Interact 2022 May 30;39(5):1162-1183. [doi: 10.1080/10447318.2022.2074667]
Tarpin-Bernard F, Fruitet J, Vigne JP, Constant P, Chainay H, Koenig O, et al. THERADIA: digital therapies augmented
by artificial intelligence. In: Proceedings of the AHFE 2021 Virtual Conferences on Neuroergonomics and Cognitive
Engineering, Industrial Cognitive Ergonomics and Engineering Psychology, and Cognitive Computing and Internet of
Things. 2021 Presented at: AHFE '21; July 25-29, 2021; New York, NY p. 478-485. [doi: 10.1007/978-3-030-80285-1_55]
Folstein MF, Folstein SE, McHugh PR. "Mini-mental state". A practical method for grading the cognitive state of patients
for the clinician. J Psychiatr Res 1975 Nov;12(3):189-198. [doi: 10.1016/0022-3956(75)90026-6] [Medline: 1202204]
Watson D, Clark LA, Tellegen A. Devel opment and validation of brief measures of positive and negative affect: the PANAS
scales. J Pers Soc Psychol 1988 Jun;54(6):1063-1070. [doi: 10.1037//0022-3514.54.6.1063] [Medline: 3397865]

Bradley MM, Lang PJ. Measuring emotion: the self-assessment manikin and the semantic differential. J Behav Ther Exp
Psychiatry 1994 Mar;25(1):49-59. [doi: 10.1016/0005-7916(94)90063-9] [Medline: 7962581]

https://rehab.jmir.org/2024/1/e48129 JMIR Rehabil Assist Technol 2024 | vol. 11 | e48129 | p.22

(page number not for citation purposes)


http://dx.doi.org/10.3390/technologies8030042
https://link.springer.com/chapter/10.1007/978-3-642-40415-3_7
http://dx.doi.org/10.1007/978-3-642-40415-3_7
https://personales.upv.es/thinkmind/dl/conferences/braininfo/braininfo_2019/braininfo_2019_1_30_90029.pdf
https://personales.upv.es/thinkmind/dl/conferences/braininfo/braininfo_2019/braininfo_2019_1_30_90029.pdf
http://dx.doi.org/10.1089/tmj.2018.0051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30136901&dopt=Abstract
https://humanfactors.jmir.org/2020/3/e19987/
http://dx.doi.org/10.2196/19987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32886068&dopt=Abstract
https://link.springer.com/chapter/10.1007/978-3-319-67401-8_51
http://dx.doi.org/10.1007/978-3-319-67401-8_51
https://www.jmir.org/2020/4/e13726/
http://dx.doi.org/10.2196/13726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32324146&dopt=Abstract
https://dl.acm.org/doi/10.4108/icst.pervasivehealth.2014.254943
https://dl.acm.org/doi/10.4108/icst.pervasivehealth.2014.254943
http://dx.doi.org/10.4108/icst.pervasivehealth.2014.254943
http://dx.doi.org/10.1007/s12652-019-01423-x
http://dx.doi.org/10.3390/electronics11193069
https://mhealth.jmir.org/2021/7/e25381/
http://dx.doi.org/10.2196/25381
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34269686&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph18158198
http://dx.doi.org/10.3390/ijerph18158198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34360490&dopt=Abstract
https://europepmc.org/abstract/MED/20628581
http://dx.doi.org/10.1016/j.intcom.2009.12.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20628581&dopt=Abstract
https://link.springer.com/chapter/10.1007/978-3-030-94890-0_2
http://dx.doi.org/10.1007/978-3-030-94890-0_2
http://dx.doi.org/10.1080/10447318.2022.2074667
http://dx.doi.org/10.1007/978-3-030-80285-1_55
http://dx.doi.org/10.1016/0022-3956(75)90026-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1202204&dopt=Abstract
http://dx.doi.org/10.1037//0022-3514.54.6.1063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3397865&dopt=Abstract
http://dx.doi.org/10.1016/0005-7916(94)90063-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7962581&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Zsoldos et d

46.

47.

48.

49,

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

Mayer JD, Gaschke Y N. The experience and meta-experience of mood. J Pers Soc Psychol 1988 Jul;55(1):102-111. [doi:
10.1037//0022-3514.55.1.102] [Medline: 3418484]

Gauthier J, Bouchard S. Adaptation canadienne-frangaise delaformerévisée du state-trait anxiety inventory de spielberger.
Can JBehav Sci 1993 Oct;25(4):559-578. [doi: 10.1037/h0078881]

Godling SD, Rentfrow PJ, Swann WB. A very brief measure of the Big-Five personality domains. J Res Pers 2003
Dec;37(6):504-528. [doi: 10.1016/S0092-6566(03)00046-1]

Guay F, Mageau GA, Vallerand RJ. On the hierarchical structure of self-determined motivation: atest of top-down,
bottom-up, reciprocal, and horizontal effects. Pers Soc Psychol Bull 2003 Aug;29(8):992-1004. [doi:
10.1177/0146167203253297] [Medline: 15189618]

Reitan RM. Validity of the trail making test as an indicator of organic brain damage. Percept Mot Skills 1958
Dec;8(7):271-276. [doi: 10.2466/PM S.8.7.271-276]

Dubois B, Slachevsky A, Litvan |, Pillon B. The FAB: afrontal assessment battery at bedside. Neurology 2000 Dec
12;55(11):1621-1626. [doi: 10.1212/wnl.55.11.1621] [Medline: 11113214]

Cowppli-Bony P, Fabrigoule C, Letenneur L, Ritchie K, Alpérovitch A, Dartigues JF, et a. Validity of the five-word
screening test for Alzheimer's disease in a population based study. Rev Neurol (Paris) 2005 Dec;161(12 Pt 1):1205-1212
[FREE Full text] [doi: 10.1016/s0035-3787(05)85194-x] [Medline: 16340916]

Fontaine JR, Scherer KR, Roesch EB, Ellsworth PC. The world of emotions is not two-dimensional. Psychol Sci 2007
Dec;18(12):1050-1057. [doi: 10.1111/].1467-9280.2007.02024.x] [Medline: 18031411]

Scherer KR. The dynamic architecture of emotion: evidence for the component process model. Cogn Emot 2009
Nov;23(7):1307-1351. [doi: 10.1080/02699930902928969]

Morey RD, Rouder JN, Jamil T, Urbanek S, Forner K, Ly A. BayesFactor: computation of bayes factors for common
designs. Version 0.9.12-4.7. Cran R. 2022. URL : https://cran.r-project.org/package=BayesFactor [accessed 2024-04-29]
Rouder JN, Morey RD, Speckman PL, Province JM. Default Bayes factors for ANOVA designs. J Math Psychol 2012
Oct;56(5):356-374. [doi: 10.1016/j.jmp.2012.08.001]

Makowski D, Ben-Shachar M, Liidecke D. bayestestR: describing effects and their uncertainty, existence and significance
within the Bayesian Framework. J Open Source Softw 2019 Aug;4(40):1541. [doi: 10.21105/j0ss.01541]

Kruschke JK. Bayesian estimation supersedes the t test. J Exp Psychol Gen 2013 May;142(2):573-603. [doi:
10.1037/a0029146] [Medline: 22774788]

Kruschke JK. Tools in the trunk. In: Kruschke JK, editor. Doing Bayesian Data Analysis: A Tutorial with R, JAGS, and
Stan. 2nd edition. Cambridge, MA: Academic Press; 2014:721-736.

KassRE, Raftery AE. Bayesfactors. JAm Stat Assoc 1995 Jun;90(430):773-795. [doi: 10.1080/01621459.1995.10476572]
Curtis RG, Bartel B, Ferguson T, Blake HT, Northcott C, VirgaraR, et al. Improving user experience of virtual health
assistants: scoping review. JMed Internet Res 2021 Dec 21;23(12):e31737 [FREE Full text] [doi: 10.2196/31737] [Medline:
34931997]

Soubelet A, Salthouse TA. Influence of social desirability on age differencesin self-reports of mood and personality. J Pers
2011 Aug;79(4):741-762 [FREE Full text] [doi: 10.1111/j.1467-6494.2011.00700.x] [Medline: 21682727]

Hitchcott PK, Penna MP, Fastame MC. Age trends in well-being and depressive symptoms: the role of social desirability.
Psychiatr Q 2020 Jun;91(2):463-473. [doi: 10.1007/s11126-020-09711-y] [Medline: 31983016]

Betts LR, Hill R, Gardner SE. "There's not enough knowledge out there": examining older adults' perceptions of digital
technology useand digital inclusion classes. JAppl Gerontol 2019 Aug;38(8):1147-1166. [doi: 10.1177/0733464817737621]
[Medline: 29165038]

Turunen M, Hokkanen L, Backman L, Stigsdotter-Neely A, Hanninen T, Pagjanen T, et al. Computer-based cognitive
training for older adults: determinants of adherence. PLoS One 2019;14(7):e0219541 [FREE Full text] [doi:
10.1371/journal .pone.0219541] [Medline: 31291337]

Clare L, Woods RT, Moniz Cook ED, Orrell M, Spector A. Cognitive rehabilitation and cognitive training for early-stage
Alzheimer's disease and vascular dementia. Cochrane Database Syst Rev 2003(4):CD003260. [doi:
10.1002/14651858.CD003260] [Medline: 14583963]

EU Al Act: first regulation on artificial intelligence. European Parliament. 2023 Jun 08. URL : https.//www.europarl.europa.eu/
news/en/headlines/soci ety/20230601ST 093804/ eu-ai -act-first-regul ation-on-artificial -intel ligence

Cuffaro L, Di Lorenzo F, Bonavita S, Tedeschi G, Leocani L, Lavorgna L. Dementia care and COVID-19 pandemic: a
necessary digital revolution. Neurol Sci 2020 Aug;41(8):1977-1979 [FREE Full text] [doi: 10.1007/s10072-020-04512-4]
[Medline: 32556746]

Corbett CF, Wright PJ, Jones K, Parmer M. Voice-activated virtual home assistant use and social isolation and loneliness
among older adults: mini review. Front Public Health 2021;9:742012 [FREE Full text] [doi: 10.3389/fpubh.2021.742012]
[Medline: 34708017]

Abbreviations

BF10: Bayes factor

https://rehab.jmir.org/2024/1/e48129 JMIR Rehabil Assist Technol 2024 | vol. 11 | e48129 | p.23

(page number not for citation purposes)


http://dx.doi.org/10.1037//0022-3514.55.1.102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3418484&dopt=Abstract
http://dx.doi.org/10.1037/h0078881
http://dx.doi.org/10.1016/S0092-6566(03)00046-1
http://dx.doi.org/10.1177/0146167203253297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15189618&dopt=Abstract
http://dx.doi.org/10.2466/PMS.8.7.271-276
http://dx.doi.org/10.1212/wnl.55.11.1621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11113214&dopt=Abstract
https://www.sciencedirect.com/science/article/abs/pii/S003537870585194X
http://dx.doi.org/10.1016/s0035-3787(05)85194-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16340916&dopt=Abstract
http://dx.doi.org/10.1111/j.1467-9280.2007.02024.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18031411&dopt=Abstract
http://dx.doi.org/10.1080/02699930902928969
https://cran.r-project.org/package=BayesFactor
http://dx.doi.org/10.1016/j.jmp.2012.08.001
http://dx.doi.org/10.21105/joss.01541
http://dx.doi.org/10.1037/a0029146
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22774788&dopt=Abstract
http://dx.doi.org/10.1080/01621459.1995.10476572
https://www.jmir.org/2021/12/e31737/
http://dx.doi.org/10.2196/31737
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34931997&dopt=Abstract
https://europepmc.org/abstract/MED/21682727
http://dx.doi.org/10.1111/j.1467-6494.2011.00700.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21682727&dopt=Abstract
http://dx.doi.org/10.1007/s11126-020-09711-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31983016&dopt=Abstract
http://dx.doi.org/10.1177/0733464817737621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29165038&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0219541
http://dx.doi.org/10.1371/journal.pone.0219541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31291337&dopt=Abstract
http://dx.doi.org/10.1002/14651858.CD003260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14583963&dopt=Abstract
https://www.europarl.europa.eu/news/en/headlines/society/20230601STO93804/eu-ai-act-first-regulation-on-artificial-intelligence
https://www.europarl.europa.eu/news/en/headlines/society/20230601STO93804/eu-ai-act-first-regulation-on-artificial-intelligence
https://europepmc.org/abstract/MED/32556746
http://dx.doi.org/10.1007/s10072-020-04512-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32556746&dopt=Abstract
https://europepmc.org/abstract/MED/34708017
http://dx.doi.org/10.3389/fpubh.2021.742012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34708017&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Zsoldos et d

CCT: computerized cognitive training

Cl: credibleinterva

FAB: Frontal Assessment Battery

MCI: mild cognitive impairment

MM SE: Mini-Mental State Examination

THERADIA: Thérapies Digitales Augmentées par |’ Intelligence Artificielle
TMT: Trail Making Test

Edited by S Munce; submitted 12.04.23; peer-reviewed by Z Aghael, L Yu; comments to author 02.12.23; revised version received
25.01.24; accepted 09.04.24; published 20.06.24.

Please cite as:

Zsoldos|, Tran E, Fournier H, Tarpin-Bernard F, Fruitet J, Fouillen M, Bailly G, Elisei F, Bouchot B, Constant P, Ringeval F, Koenig
O, Chainay H

The Value of a Virtual Assistant to Improve Engagement in Computerized Cognitive Training at Home: Exploratory Study

JMIR Rehabil Assist Technol 2024;11:e48129

URL: https://rehab.jmir.org/2024/1/e48129

doi:10.2196/48129

PMID:

©lsabella Zsoldos, Eléonore Tran, Hippolyte Fournier, Franck Tarpin-Bernard, Joan Fruitet, Mélodie Fouillen, Gérard Bailly,
Frédéric Elisel, Béatrice Bouchot, Patrick Constant, Fabien Ringeval, Olivier Koenig, Hanna Chainay. Originally published in
JMIR Rehabilitation and Assistive Technology (https://rehab.jmir.org), 20.06.2024. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work, first published in IMIR Rehabilitation
and Assistive Technology, is properly cited. The complete bibliographic information, a link to the original publication on
https://rehab.jmir.org/, as well as this copyright and license information must be included.

https://rehab.jmir.org/2024/1/e48129 JMIR Rehabil Assist Technol 2024 | vol. 11 | e48129 | p.24
(page number not for citation purposes)

RenderX


https://rehab.jmir.org/2024/1/e48129
http://dx.doi.org/10.2196/48129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Lecetd

Original Paper

Preliminary Validity and Acceptability of Motion Tape for Measuring
Low Back Movement: Mixed Methods Study

Audrey Lee', MS; Elijah Wyckoff?, MS; EmiliaFarcas’, PhD; Job Godino®*, PhD; Kevin Patrick®>, MD, M'S; Spencer
Spiegel®, BA: Rose Yu', PhD; Arun Kumar’, PhD; Kenneth J Loh? PhD; Sara Gombatto®, PhD

1Department of Bioengineering, San Diego State University, San Diego, CA, United States

2Active, Responsive, Multifunctional, and Ordered-materials Research (ARMOR) Laboratory, Department of Structural Engineering, University of
Cadlifornia San Diego, LaJolla, CA, United States

3QuaJ comm Ingtitute, University of California San Diego, La Jolla, CA, United States

YLaura Rodriguez Research Institute, Family Health Centers of San Diego, San Diego, CA, United States

Sschool of Public Health, University of California San Diego, La Jolla, CA, United States

6Department of Mathematics and Statistics, San Diego State University, San Diego, CA, United States

7Computer Science and Engineering and Halicioglu Data Science Institute, University of California San Diego, La Jolla, CA, United States

8school of Physical Therapy, San Diego State University, San Diego, CA, United States

Corresponding Author:

Kenneth J Loh, PhD

Active, Responsive, Multifunctional, and Ordered-materials Research (ARMOR) Laboratory
Department of Structural Engineering
University of California San Diego
9500 Gilman Dr MC 0085

SME 445E

LaJolla, CA, 92093-0085

United States

Phone: 1 858 822 0431

Fax: 1858 534 1310

Email: kenloh@ucsd.edu

Abstract

Background: Low back pain (LBP) is a significant public health problem that can result in physical disability and financial
burden for the individual and society. Physical therapy is effective for managing LBP and includes evaluation of posture and
movement, interventions directed at modifying posture and movement, and prescription of exercises. However, physical therapists
have limited tools for objective evaluation of low back posture and movement and monitoring of exercises, and this evaluation
islimited to the time frame of aclinical encounter. Thereis aneed for avalid tool that can be used to evaluate low back posture
and movement and monitor exercises outside the clinic. To addressthis need, afabric-based, wearable sensor, Motion Tape (MT),
was devel oped and adapted for alow back use case. MT is alow-profile, disposable, self-adhesive, skin-strain sensor devel oped
by spray coating piezoresistive graphene nanocomposites directly onto commercial kinesiology tape.

Objective: The objectives of this study wereto (1) validate MT for measuring low back posture and movement and (2) assess
the acceptability of MT for users.

Methods: A total of 10 participants without LBP were tested. A 3D optical motion capture system was used as a reference
standard to measure low back kinematics. Retroreflective markers and a matrix of MTs were placed on the low back to measure
kinematics (motion capture) and strain (M T) simultaneously during low back movementsin the sagittal, frontal, and axial planes.
Cross-correlation coefficients were calculated to evaluate the concurrent validity of MT strain in reference motion capture
kinematics during each movement. The acceptability of MT was assessed using semistructured interviews conducted with each
participant after laboratory testing. | nterview datawere analyzed using rapid qualitative analysisto identify themes and subthemes
of user acceptability.

Results:  Visual inspection of concurrent MT strain and kinematics of the low back indicated that MT can distinguish between
different movement directions. Cross-correlation coefficients between MT strain and motion capture kinematics ranged from
—0.915 t0 0.983, and the strength of the correlations varied acrossM T placements and low back movement directions. Regarding
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user acceptability, participants expressed enthusiasm toward M T and believed that it would be helpful for remote interventions

for LBP but provided suggestions for improvement.

Conclusions: MT was able to distinguish between different low back movements, and most MTs demonstrated moderate to
high correlation with motion capture kinematics. This preliminary laboratory validation of MT provides abasis for future device
improvements, which will alsoinvolvetesting in afree-living environment. Overall, usersfound M T acceptable for usein physical

therapy for managing LBP.

(JMIR Rehabil Assist Technol 2024;11:€57953) doi:10.2196/57953

KEYWORDS

low back pain; fabric; nanocomposite; sensor acceptability; sensor validation; skin; strain; wearable

Introduction

Prevalence and I mpact of Low Back Pain

Low back pain (LBP) is a highly prevalent and burdensome
health condition, with approximately 568.4 million existing
cases, 223.5 million new cases, and 63.7 million casesinvolving
yearslived with disability reported worldwidein 2019 [1]. Itis
anticipated that approximately 70% to 85% of adults will
experience at least 1 episode of LBP during their lifetime[2,3],
and once susceptible to LBP, individuals face twice the
likelihood of experiencing recurring episodes [4].

The costs of diagnosing and treating LBP in the United States
are substantial, collectively amounting to US $12 hillion
annually [5,6] and an economic impact including 149 million
missed workdays per year [ 7]. Worldwide, thetotal annual costs
associated with LBP are nearly US $100 billion, including lost
wages and diminished productivity within businesses[8]. Given
the high prevalence and burden to the individual and society,
LBP is an important health condition to address clinically and
in research.

Physical Therapy for LBP

Physical therapy (PT) is effective for the conservative,
nonpharmacologic, and nonsurgical management of LBP.
Specifically, active interventions such as exercises prescribed
by physica therapists are effective for both preventing and
treating LBP[9,10]. In PT, alicensed physical therapist conducts
acomprehensiveinitial examination to identify muscul oskeletal
and neuromuscular impairments associated with the LBP
problem by closely observing the patient’s low back posture
and movement. Subsequently, the physical therapist workswith
the patient to develop a plan of care for in-clinic sessions and
with an assigned home exercise program based on the PT
evaluation and patient goals to enhance strength, stability, and
mobility [2,11,12]. These interventions collectively aim to
aleviate pain and mitigate disability [13,14]. Monitoring the
patient’s posture and movement, along with other patient
outcomes, is an important component of the PT examination,
evauation, and intervention for LBP.

L everaging Technology for Posture and M ovement
Assessment

Traditional methods for assessing posture and movement in PT
include visual assessments by clinicians or use of
low-technol ogy tools such as goniometers and inclinometersto
measure gross range of motion [15]. However, advances in

https://rehab.jmir.org/2024/1/e57953

sensor technology allow for more detailed objective measures
and enable remote monitoring [16,17]. Remote monitoring can
be useful for patient assessment in free-living environments
where people engage in diverse activities at home and work
[18]. Quantifying the repetitive nature of specific movement
patterns, whether at home or inthe workplace, can help identify
posture and movement factors that may be linked to the risk of
developing and perpetuating LBP [19-21].

Remote monitoring of low back posture and movement can also
be used to monitor patient performance of and adherence to
their prescribed home exercise program. Customized by physical
therapists, these home exercise programs offer practical and
cost-effective management of LBP [2,7]. Adherence to and
proper execution of home exercises correlate with better pain
management, function, and self-perceived progress[12,22-25].
However, people with LBP have several obstacles that hinder
exercise performance at home[7,11]. Impaired proprioception
in patients with LBP limits their ability to sense whether they
are performing home exercises accurately [15,26,27]. Moreover,
the absence of clinician oversight affects patient engagement
with exercises [28,29]. Previous investigators have identified
that thislack of monitoring and engagement leadsto diminished
exercise accuracy and adherence [25].

Remote monitoring for the assessment of low back posture and
movement and home exercise adherence also has the potential
to enhance the emerging practice of PT via telehedlth, or
telerehabilitation  [30,31]. Successfully  implementing
telerehabilitation remains challenging, primarily due to
limitations in conducting movement assessments, evaluating
exercise performance, and providing corrective guidance. Each
of these components can be addressed using mobile sensor
technologies.

Existing Technologies for M ovement Assessment

The reference standard for objective measurement of low back
posture and movement is marker-based optical motion capture
[32,33]. These systems offer exceptional precision and accuracy,
but their useis constrained by space requirements, cost, and the
expertise needed to operate them.

Several wearable and minimally invasive devices have been
developed to address these limitations. In a systematic review,
authors reported on various devices for measuring low back
movement, which use accelerometers, electrogoniometers,
gyroscopes, and strain gauges [34]. Specificaly, inertial
measurement units (IMUs) are commonly used portable devices
for measuring lumbar spine posture and movement that use a
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variety of sensors, including accelerometers, gyroscopes, and
magnetometers, making them well suited for capturing
acceleration and orientation in rea-world settings [35].
However, challenges with IMUs include their rigid structure,
susceptibility to  soft-tissue  artifacts, misalignment,
misplacement, and reduced precision during slow movements
[36,37]. In addition, IMUs are not able to account for factors
such as skin deformation [38] and the complex multisegmental

Leeetd

nature of the spine [34]. Multiple IMUs are needed to evaluate
spine posture and movement, which can become burdensome
to the wearer [39]. Recently, flexible or fabric-based devices
using piezoresistive sensors or other types of strain sensors have
been used to address some of these previous limitations
[37,40,41]. Table 1 shows a summary of existing sensor types
for measuring low back posture and movement, characteristics
that are measured, and benefits and limitations.

Table 1. Categories of low back sensors—characteristics, benefits, and limitations.

Optical motion capture

Flexible or fabric-based

system Electromyography MU sensors
Characteristic measured
Kinematics ob e a a
Muscle engagement g O O _d
Benefitsand limitations
Wearable — a
Usein free-living environment — —
Assumption that spine segmentsare [ N/AE a
rigid
#MU: inertial measurement unit.
Byes.
®No.
dDepends on the sensor.

EN/A: not applicable.

Motion Tape

Given the challenges with objective clinical assessment and the
limitations of previous portable sensor systems, there is a need
for an accurate, low-profile, wireless, wearable device that can
be comfortably used both in the clinic and in an individual’s
free-living environment to assess low back posture and
movement. Motion Tape (MT) isaflexible, fabric-based sensor
using commercial kinesiology tape designed to be self-adhesive
and disposable[42-46]. MT has been tested on the shoul der and
anklejointsin human participants[46,47] and has demonstrated
the capability to measure skin strain and joint angles in the
shoulder and anklewhen compared to IMUs and optical motion
capture systems[48]. MT has the potentia to be applied to the
low back and used to measure posture and movement both in
the clinic and in afree-living environment.

However, the complexity in using MT for alow back use case
is that the lumbar spine is multissgmental and exhibits
multiplanar movements with substantial variability in skin
stretch when compared to the other extremitiestested previoudly.
Therefore, these sensors must be validated for alow back use
case.

Purpose and Hypothesis

The purpose of thisstudy wasto (1) validate M T for measuring
low back posture and movement and (2) assess user acceptability

https://rehab.jmir.org/2024/1/e57953

of MT. Thisis the first step in developing a use case for MT
for measuring low back posture and movement. A device that
is valid and acceptable in the laboratory could then be tested
for use in the clinic and free-living environment for LBP
diagnosis, treatment, and prevention and to further improve
patient engagement and adherence to ahome exercise program.

The primary hypothesis of this study was that strain-derived
measures from the MT will be correlated with low back
kinematics derived from a reference-standard optical motion
capture system. The secondary hypothesis of this study wasthat
userswould find MT acceptable in terms of useful ness, ease of
use, and wearability for the low back use case.

Methods

Design

This study had a cross-sectional, observational, mixed methods
(quantitative and qualitative) design (Figure 1), which was used
to (1) validate MT for measuring low back posture and
movement and (2) evaluate user acceptability of MT using
semistructured interviews. Findings from this study will provide
abasis for future sensor improvements.
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Figure 1. Research overview: evaluation of Motion Tape validity and acceptability. EMG: electromyography; QTM: Qualisys Track Manager; V3D:

Visua3D.
Motion tape —_ Strain
Optical motion " QM
— Kinematics — Label trajectories
capture
——— Usefulness ————
Semistructured
X . —————— [Ease of use
interviews
L Wearability

Key.
Start/End

Input

Preprocessor

Processing

Output

Participants

A total of 10 participants were recruited from a university
campus using flyers emailed to students, faculty, and staff in
the kinesiology and PT programs. A sample size of 10
participants was considered adequate for apreliminary validation
and acceptability study to provide a basis for improvement of
the prototype device for subsequent testing in larger samples
of healthy controls and people with LBP.

Peoplewere eligibleto participateif they were between the ages
18 and 65 years and reported no history of LBP within the last
year. People were excluded from participation if they were (1)
unable to follow instructions in English; (2) unable to perform
movements such as walking, sitting, and bending of the low
back; and (3) unwilling to wear tight-fitting shorts and a sports
bra (women) or no shirt (men). Recruitment and testing took
place from January 2023 to March 2023. All data collection
was conducted in the Rehabilitation Biomechanics Laboratory
at San Diego State University.

Ethical Consider ations

This study was approved by the San Diego State University
Ingtitutional Review Board (HS-2022-0269), and each
participant provided written informed consent before taking
part. All participant data were coded, and participants were
provided US $50 in compensation for their participation time.

Equipment
MT is made by spray coating commercialy available

kinesiology tapewith athin film of graphene nanosheets (GNS)
and ethyl cellulose (EC) in an ethyl alcohol solution 3 times

https://rehab.jmir.org/2024/1/e57953

—* Normalization and filtering

MATLAB

MATLAB
Time sync, range of
movement, and plotting

V3D
Euler angles, events
labeling, EMG filtering

—_— —_—

Rapid analysis Acceptability

Results

[49]. To improve overall nanocomposite uniformity and
electrical conductivity, afinal layer of GNS and EC thin film
is added through drop casting [48-50]. A flexible conductive
ink is used to cover the sensor, and multistrand wires are
soldered on for measurement el ectrodes at opposite ends of the
GNS and EC sensing element [48]. MT has strain sensing due
to piezoresistive properties of the integrated nanosheets in the
tape [46], described in equation 1, which gives the direct
relationship between measured resistance and strain. From
previous research, MT has shown stable performance under

cyclic strains [46,47].
E

In equation 1, R is the resistance; K is the constant of
proportionality, or gauge factor; and € is the strain.

The conductive wiring that attaches to the tape can directly
measure distributed strains with an electrical impedance
tomography measurement technique and conductivity
reconstruction algorithm. The conductive wires are attached to
acustom printed circuit board, which is attached to a band that
can be worn on the chest or waist. The board has a Bluetooth
module (Bluetooth Low Energy 4.0) transmitter, which transmits
the measured signals to the MT data acquisition 2.2 board
(CC1350 microcontroller; Texas Instruments), which has a
Bluetooth module receiver (Bluetooth Low Energy 4.0). The
MT dataacquisition board was connected viamicro-USB cable
to the laboratory desktop computer and saved datain SmartRF
Studio (version 7.1; Texas Instruments). The components of
the MT system are shown in Figure 2.
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Figure2. The Motion Tape (MT) system includes (1) conductive wiring that transmits the signal from the M T sensing element to a (2) custom printed
circuit board (PCB) contained in (3) housing attached to the participant using an elastic band; the PCB sendsasignal viaaBluetooth module transmitter
to the (4) dataacquisition (DAQ) board using a Bluetooth modul e receiver. The DAQ isthen connected viamicro-USB cableto (5) alaboratory computer.

2 | PCB

Data transmission

Wired connection

3 | Housing and band attachment

An optical motion capture system (Qualisys North America,
Inc) was used as the reference standard for the quantitative
validation of MT. The mation capture system consists of 16
infrared cameras (sampling rate: 179 Hz) that measure the
position of reflective markers on the participant’slow back and
pelvis (average calibration error values: 0.57, SD 0.10 mm
acrossall participants). Datafromthe M T and Qualisys software
programs were collected simultaneously on the same desktop
computer in the laboratory to facilitate time synchronization of
measurements using alignment of start times based on time
stampsin postprocessing.

Procedurefor MT Validation

Overview

A physical therapist investigator (SG) with >20 years of
experience in motion capture of the spine located the primary
anatomical landmarks of the lumbar spine (spinous processes)
and pelvis (posterior superior iliac spine, anterior superior iliac
spine, and iliac crests) on each participant to place the reflective
markersfor the optical motion capture system and the MT. The
same investigator measured height, weight, and body
anthropometrics for each participant. Body anthropometrics
were measured in centimeters using a flexible measuring tape

https://rehab.jmir.org/2024/1/e57953
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RenderX

and included spine length (T12-S2 and L1-L5), waist
circumference at the narrowest part of the waist abovetheiliac
crests, and hip circumference at the widest part of the hips
adjacent to the greater trochanter. Hip-to-waist ratio was then
caculated by dividing hip circumference by waist
circumference. Each participant self-reported their age and sex
at birth.

Optical Motion Capture Marker Placement

Reflective motion capture markers were placed on the spinous
processes from T12 to L5 and bilaterally to the left and right of
L1 and L4 approximately 4 cm from the spinal column (Figure
3). These markers were then used to create a modified version
of the multisegmental spine model that has been previously
validated and used to collect lumbar spine posture and
movement [51]. The upper lumbar segment was defined by the
left and right markers lateral to the L1 spinous process and the
single marker on the spinous process of L3. The lower lumbar
segment was defined by the left and right markerslateral to the
L4 spinous process and the single marker on the spinous process
of L5. Markers were also placed bilateraly on the posterior
superior iliac spine, anterior superior iliac spine, posterior pelvis,
and iliac crests, which were used to define the pelvis segment.
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Figure 3. Reflective marker placement and multisegmental lumbar spine model for optical motion capture measurements. postpel: posterior pelvis;

PSIS: posterior superior iliac spine.

MT Placement

A total of 6 MTswere placed on the low back just lateral to the
spinal columnina3 x 2 matrix pattern (Figure 4). Specifically,
placement of the MTs started with the middle MTs (sensors 3
and 4) such that the bottom edges of the middle MTs were
placed at alevel just above the L4 spinous process and crossed
the L2-to-L 3 and L 3-to-L4 junctions for most participants. The
superior MTs (sensors 1 and 2) were placed above the middle
MTs such that the superior MTs crossed the T12-to-L1 and

Figure 4. Motion Tape sensor placement.

Measured Movements

Participants were asked to perform severa simple trunk
movements (forward flexion, extension, right and left lateral

https://rehab.jmir.org/2024/1/e57953

RenderX

Upper

— Pelvis

L1-to-L2 junctions for most participants. Finaly, the inferior
MTs(sensors5 and 6) were placed below the middl e tapes such
that theinferior MTsideally crossed the L4-to-L5 and L5-to-S1
junctions. This placement was achieved for all but 10% (1/10)
of the participants, for whom the inferior MT did not cross the
L5-to-S1 junction. For this study, placement of M T was chosen
to best parallel the spine model used with the motion capture
system [51,52] and help distinguish low back movementsin all
planes of motion.

flexion, and right and left seated rotation) while data were
simultaneously being captured by the motion capture system
and the MT (Figure 4). The complete list of tested movements
isshown in Table 2.
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Movement Position Repetitions

Lateral bending Standing 3 repetitions to end range on each side (left and right)

Rotation Seated 3 repetitions to end range on each side (left and right)

Extension Standing 3 repetitions to approximately 50% of end range®

Forward flexion Standing 2 repetitions to approximately 50% of end range® and 1 repetition to 100% of end range

350% range was used to avoid maximum capacity of sensors before the end of the session.

Data Processing for MT Validation

Overview

Kinematic data from the optical motion capture system were
processed in Qualisys Track Manager (Qualisys North America,
Inc) to label marker trajectories and interpolate missing marker
data. Kinematic data were then imported into Visual3D

(C-Maotion, Inc), where apreviously devel oped multi-segmental
spinemodel (Figure 3) was applied and lumbar spine kinematic
angles were computed for each movement trial [51]. Lumbar
spine kinematic angleswere cal culated using Euler angles (XY Z
seguence) among the upper lumbar, lower lumbar, and pelvis
segments (Textbox 1). Processed kinematic angles were then
imported into MATLAB (release 2021b; MathWorks) for
analysiswith MT strain data.

Textbox 1. Kinematic measurements from the optical motion capture system.

Lumbar spine angle and relative sesgments

«  Upper lumbar angle: upper lumbar segment (L1-L 3) relative to lower lumbar segment (L4-L5)

o  Lower lumbar angle: lower lumbar segment (L4-L5) relative to pelvis segment

Raw resistance data from the 6 MTs were imported into
MATLAB and converted from hexadecima characters to
decimal values. The change in resistance was divided by the
baseline resistance individually for each sensor and each
movement trial to derive strain (equation 1). Resistance values
were then read and stored in an array where time vectors were
generated linearly from start to end using time stamps. Once
all MT resistance files were imported, stored, and converted to
readabl e time series, they werefiltered using aHampel filter to
remove outliers. The filter is based on the median and median
absolute deviation of the dataset. For some M T placementsand
some movements (eg, lower MTs during forward flexion), MT

https://rehab.jmir.org/2024/1/e57953

stretch exceeded resistance thresholds for the sensing element,
resulting in data with excessive levels of noise. These data
streamswereidentified and removed using athreshold criterion
of resistance of >10 SDs from the mean resistance across
participants for the given movement.

To illustrate the ability of MT to capture data across all test
movements, strain measured using the 6 MTs for 1
representative participant is illustrated in Figure 5. Data for
MTs5 and 6 are omitted for forward flexion because the stretch
during thismovement exceeded the M T strain threshold for this
participant.
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Figure5. Motion Tape strains for all movements for a representative participant.
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Motion capture kinematic dataand M T strain datawere aligned
in MATLAB using the computer time stamp for the start of
each trial from the motion capture system. Excess data at the
start and end of the trial for strain were then trimmed to ensure
identical start and end timesfor kinematicsand strain. MT strain
data and motion capture kinematic data were normalized
separately for each trial to alow for the use of MATLAB's
cross-correlation function. The strain datawere normalized from
—1to 1 such that —1 corresponded to peak sensor compression
and 1 corresponded to peak sensor tension. The strain-derived
data were then shifted such that each movement started at zero
strain. Kinematic data were also normalized from —1 to 1 such
that —1 and 1 corresponded to peak movement in each direction.
For analysis purposes, the normalized kinematic data from
forward flexion, |eft lateral bending, and right-seated rotation
were multiplied by —1 such that all kinematic measurements
were positive for the primary movement direction (eg, upper
lumbar flexion is a positive angle for the forward flexion
movement).

https://rehab.jmir.org/2024/1/e57953

RenderX

Analysisfor MT Validation

In previous studies, MT has been validated to measure strain
using ground truth input from a TestResources 100R |oad frame,
where resistance was recorded using aKeysight 34401A digital
multimeter [48]. Thisstudy used an accepted reference standard
(optical motion capture) for validating kinematic measurements
using MT. Cross-correl ation was used to test concurrent validity
of MT strain in reference to motion capture kinematics [53].
Cross-correlation isameasure of the association between 2 data
series as a function of the time displacement (phase shifts) of
one relative to the other. Strain data from the 6 MTs were
compared to motion capture kinematics for adjacent low back
segments, as outlined in Textbox 2. Cross-correlation
coefficients at zero phase shift were derived to ensure that both
the magnitude and timing of MT strain were considered for
evaluation of concurrent validity. Coefficients were calculated
separately for each participant, movement tria, and MT. Positive
cross-correlation values reflect MT tension with changes in
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kinematic angle, and negative values reflect MT compression
with changes in kinematic angle. Median values and range of

Leeetd

cross-correlation coefficients at zero phase shift were calculated
across al participants.

Textbox 2. Lumbar spine kinematics used as reference for validating Motion Tape.

Motion Tapes (Figure 4) and lumbar spine angle (Figure 3)
e 1land 2: upper lumbar angle
« 3and4: upper lumbar angle

« 5and6: lower lumbar angle

Procedure for User Acceptability

Semistructured | nterviews

To assess user acceptability of MT, semistructured interviews
were conducted with all participants (N=10) after laboratory
testing. A semistructured interview guide (Multimedia A ppendix
1) was developed by investigators based on the technology
acceptance model (TAM) [54-56]. The guide included
open-ended questions designed to evaluate user perceptions of
MT in 3 key domains of the TAM: usefulness, ease of use, and
wearability. Perceived usefulness was defined as the extent to
which participants believed that using MT could improve
treatment of LBP [54-56]. Specific interview questions related
to (1) potential advantages of using MT in PT treatment and
recovery, (2) potential impact of MT use on adherence to home
exercise programs, and (3) physical attributes of MT that could
positively or negatively affect its usefulness. Perceived easeof
use was defined as the extent to which participants believed
that using M T would be effortless for evaluation and treatment
of LBP [54-56]. This domain was evaluated using questions
related to participants’ perceptions regarding (1) potential ease
of learning to use MT, (2) level of instruction required for
effective use of MT, and (3) ease of using MT unsupervised in
ahome setting. Wearability was defined as the extent to which
participants believed that MT sensors provided a comfortable
and secure fit when applied to their back [57]. To assess
wearability, interview questions explored participants views
on various aspects of MT, including its adhesion, fit, feel, and
comfort level with the application and prescription of MT by a
medical professional to monitor posture and movements at
home. Finally, additional interview questions were included to

Table 3. Participant age and anthropometric measurements.

gather participant suggestions for future improvements of MT.
Interviews were recorded using digital voice recorders and
transcribed for subsequent analysis.

Analysisfor User Acceptability

Rapid qualitative analysis (RQA) was conducted to assess the
interview responses effectively and efficiently to identify major
themes [58]. Codes and themes for the RQA were deductively
developed based on the TAM framework and the study
objective. The codes and themesfor the RQA allowed for quick
sorting of interview dialogue. To ensure rigor and consistency,
a constant comparative approach was used at each stage. First,
the 4 data analysts independently completed a summary report
for each interview with quotes and relevant topics under
identified themes. Once the individual coding and summary
reports for al interviews were completed, the investigators
consolidated them into a combined RQA summary report for
each interview, unifying themes and reconciling discrepancies
by consensus through discussion. Summary reports for each
participant were then transferred into a matrix where each row
was a participant quote and each column was a domain. From
this matrix, investigators identified underlying themes and
subthemes across the 10 interviews.

Results

Demographics
A tota of 10 people participated in the study (n=5, 50% male
and n=5, 50% female; mean age 22.4, SD 2.1 y). Participant

ages and anthropometric measurements are presented in Table
3.

Demographics Male participants (n=5) Female participants (n=5)
Age (y), mean (SD) 23.6(2.9) 21.2(1.8)

Height (in), mean (SD) 70.9(3.7) 64.2 (4.0)

Weight (pounds), mean (SD) 178.8 (41.6) 125.1 (11.4)

Hip-to-waist ratio (cm), mean (SD) 1.2(0.04) 1.3(0.3)

Spine length (T12-S2; cm), mean (SD) 16.8 (1.9) 16.4 (1.3)

Spine length (L 1-L5; cm), mean (SD) 10.7 (1.2 9.7 (0.6)

MT Validation

Values for cross-correlation coefficients at zero phase shift
between MT and motion capture low back kinematic
measurements across the 6 movements for all 10 participants

https://rehab.jmir.org/2024/1/e57953

are presented in Figure 6. Across movement trials, 13.9%
(50/360) of MTs had missing data because resistance exceeded
the threshold of 10 SDs. There are two potential explanations
for why sensors exceeded the resistance threshold: (1) the level
of strain for the low back region exceeded the capacity of the
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sensor and (2) sensor resistance increased across trials dueto  movements, and the latter occurred more often in trials near the
sensor fatigue, resulting in high resistance valueseven at lower  end of the testing protocol, such as rotation movements.

strains. The former was most common during flexion

Figure 6. Cross-correlation values at zero phase shift for low back Motion Tape strain versus motion capture kinematics. The level of correlation is
depicted using a color scale, with green denoting a positive correlation with a maximum of +1 (Motion Tape tension), yellow denoting a negative
correlation with amaximum of —1 (Motion Tape compression), and no color for cross-correlation values near 0. Shades of each color reflect magnitudes
of correlation, with lower correlations in lighter colors and higher correlationsin darker colors. Trials with missing data are colored in gray.

Sensor1 Sensor2

Sensor 1 Sensor 2 Sensor 1 Sensor 2

Sensor 1 Sensor 2 Sensor 1 Sensor 2 Sensor 1 Sensor 2
Participant 1 002 | 047 0.74 0.12 073 03 [oss | Key
e S oo 036 ose o
Participant 4 028 038 . -0.49
Participant 5 -0.05 -0.94 0.7 -0.88 0.03 0
Participant 6 072 082 5 0.36 =1
Participant 7 -0.85 -092 . -0.27 -0.69 0.44 _
Participant 8 -0.38 -0.3% X 0.69 0.16
Participant 9 —0.90 -0.84 . -0.12
Participant 10 -0.79 =071 . -0.85 075 0.68 036 0.46
Participant 11 —0.55 —0.71 -0.42 -0.09 0.39 0.30
Median =0.52 0.88 0.89 =0.11 0.93 0.91 1 0.84 I 0.85 I
Maximum 0n 082 0.89 0.94 098 0.56 057 0.96 0.93 0.96
Minimum -0.90 -0.34 =0.92 051 -0.27 -0.88 0.69 0.68 0.03 030

Sensor 3 Sensor 4 Sensor 3 Sensor 4 Sensor3 Sensor 4 Sensor 3 Sensor 4 Sensor3 Sensor 4

Participant 1 0.69 077 ooz [oEEN 0.06 077
Participant 3 0.64 0.85 059 0.40 0.75
Participant 4 -0.04 0.27 033
Participant 5 -0.20 -0.38 0.05 -0.59 -0.86 0.02
Participant 6 -0.44 -0.82 0.19 0.28 -0.54 0.72
Participant 7 -0.27 037 - 073 062 0.55
Participant 8 -0.19 =068 -0.72 -0.79 0.63
Participant 9 -0.88 -0.54 0.68 -0.60 -0.68
Participant 10 -0.32 -0.26 0.49 0.74 -0.63 -0.27
Participant 11 -0.41 -0.25 0.35 0.41
Median ; 025 | . 083 | o057 [Coai] _oso |
Maximum 0.97 092 077 0.77 0.88 087 0.98 0.55 0.96 0.94 0.77 0.92
Minimum 0.74 0.69 -0.88 -0.82 -0.38 05% 0.74 -0.62 0.05 =0.72 -0.86 -0.27

Senser 5 Sensor 6 Sensor5 Sensor 6 Sensor 5 Sensor 6 SensorS Sensor 6 Sensor 5 Sensor & Sensor5 Sensor 6
Participant 1 0.14 0.10 |
Participant 3 -0.39 0.10 -0.22 0.42
Participant 4 =0.53 =0.75 0.65
Participant 5 -0.06 -0.18
Participant 6 039 0.15
Participant 7 -0.46 -0.53 -0.37 0.70
Participant 8 -0.12 0.57
Participant 9 -0.41 -0.34 -0.49
Participant 10 -0.76 0.02
Participant 11 -0.19 0.61 0.40
Median (oo T o0 ]
Maximum 039 0.61 0.93 0.98 0.98 0.94 093 0.22 0.85 0.78
Minimum -0.76 -0.75 0.65 0.59 0.20 0.21 -0.86 =092 -0.49 0.42

Forward Flexion M ovement

For forwardflexion movements, cross-correl ations were mostly
positive (green) and moderate to high (median 0.62-0.93),
indicating that M T sensorswerein tension and closely paralleled
motion capture kinematic measures during forward flexion
(Figure 6). However, there was a high rate of sensor failure for
flexion movements (45%; 27/60), particularly for lower lumbar
MTs.

https://rehab.jmir.org/2024/1/€57953
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To illustrate the association between MT strain and motion
capture kinematics during forward flexion, data for sensor 1,
sensor 2, and the upper lumbar angle are shown in Figure 7 for
asingle participant. In this example, upper lumbar MT strains
are highly correlated with the upper lumbar angle (R=0.94 for
sensor 1 and R=0.95 for sensor 2). These positive correlations
reflect MT tension, which was consistent for all forward flexion
movements.
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Figure 7. Case example of high positive cross-correlation between Motion Tape strain for Sensor 1 and 2 and motion capture upper lumbar angle

during forward flexion.
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Extension M ovement

For extension movements, many cross-correlation coefficients
were negative, indicating MT compression. However, there
were also several positive cross-correlations that had varying
magnitudes. Thisresulted in many cross-correlations that were
high in magnitude for individual MTs and participants but
median valuesthat werelow (median—0.55to 0.06), indicating
that strain measures closely paralleled kinematic measures but
were sometimes in tension and sometimes in compression.

To illustrate varied patterns of MT strain when compared to
motion capture kinematics during extension, Figure 8 shows
sensor 3 strain data and upper lumbar angle measures for 2

different participants who performed extension. For the first
participant (left), MT measured compression (negative
deflection) during the extension movement, resulting in ahigh
negative cross-correl ation value (R=—0.88). For this participant,
sensor 3 also appeared to show alimit in the ability to measure
maximal compression values, as evidenced by a flattening of
the strain curve at peak extension. The second participant (right)
showed an unexpected pattern during extension, in which MT
measured tension (positive deflection) during the extension
movement, resulting in a high positive cross-correlation value
(R=0.77). For both participants, an increase in MT strain was
aso evident when the participant was returning to an upright
position from the extension movement, which did not appear
to align with the decrease in the kinematic measures.

Figure8. Case examples of different cross-correlation val ues between sensor 3 strain and motion capture upper lumbar angle for 2 different participants

during extension.
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L ateral Bending M ovements

For right and left lateral bending movements, cross-correlation
coefficients were positive and high (median 0.87-0.94) on the
side opposite the direction of the lateral bend, indicating that
MT was typicaly in tension and closely paralleled kinematic
measures during the lateral bend movements. Cross-correlation
coefficientsfor MT sensors on the side ipsilateral to the lateral
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bend movement were more variable (median —0.52 to 0.79).
This illustrates that some ipsilateral sensors (upper) were in
compression during the trunk lateral bending movement but
correlationswerelow to moderate, whereas other sensors (lower)
were in tension and showed high positive correlations. The
middle sensors on the side ipsilatera to the lateral bending

JMIR Rehabil Assist Technol 2024 | vol. 11 | 57953 | p.35
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

movement showed partici pant-to-participant variability in both
direction and magnitude of cross-correlations.

Figure 9 illustrates a case example of the expected MT strains
for right and left lateral bending, in which the ipsilateral MT
strain is negatively correlated (compression) and the
contralateral MT strain is positively correlated (tension) with
the motion capture upper lumbar angle. In contrast, Figure 10

Leeetd

illustrates a case example of a positive correlation between MT
strain and motion capture kinematics on both sides of the low
back during left lateral bending, suggesting that both M Tswere
in tension during this movement. However, during right lateral
bending for the same participant, the expected MT tension on
the contralateral side and compression on the ipsilateral side
were observed.

Figure 9. Case example of upper sensor positively correlated (tension) with upper lumbar angle on the contralateral side and negatively correlated
(compression) on the ipsilateral side during left (A) and right (B) lateral bending.
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Figure 10. Case examples of positive correlation (tension) between bilateral upper sensors and upper lumbar angle during left (A) lateral bending, but

not with right (B) lateral bending.
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Rotation M ovements

For right and left rotation movements, cross-correlation
coefficientswere positive and high (median 0.84-0.93) for both
upper MTs for both movement directions, indicating tension
and strong association with motion capture kinematics.
Cross-correlation coefficients for middle and lower MTs were
more variable (median —0.11 to 0.83). Most middle sensors
wereintension onthesideipsilateral to the rotation movement,
and MT strain was highly correlated with motion capture
kinematics (median 0.80-0.83 for sensors 3 and 4). However,
on the side contralateral to the rotation movement, the middle
sensors showed wide participant-to-participant variability in
both direction and magnitude of cross-correlations.

https://rehab.jmir.org/2024/1/e57953
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Cross-correlations between lower sensors and motion capture
kinematics varied widely on the sides both ipsilateral and
contralateral to the rotation movement (median —0.32 to 0.70).

Figure 11 illustrates a case example for datafrom middle MTs
(sensors 3 and 4) for right and left rotation for a participant, in
which the ipsilatera MT exhibited a positive correlation
(tension) and the contralateral MT exhibited a negative
correlation (compression) with the upper lumbar angle for both
rotation directions. In contrast, a second case example (Figure
12) illustrates middle M Ts that were both positively correlated
with the upper lumbar angle during both left and right rotation,
suggesting that both sensors were in tension during these
movements.
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Figure 11. Case example of ipsilateral positive correlation (tension) and contralateral negative correlation (compression) between middle sensors and
upper lumbar angle during seated left (A) rotation and right (B) rotation.
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Figure 12. Case example of bilateral positive correlation (tension) between middle sensors and upper lumbar angle during seated |eft (A) rotation and

right (B) rotation.
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User Acceptability

Overview

Qualitative results from participant interviews on user
acceptability of MT were organized based on the domains of
the TAM, including perceived wearability, perceived useful ness,

https://rehab.jmir.org/2024/1/e57953

RenderX

and perceived ease of use (Table 4) [54-56]. A total of 13
subthemes were also identified and designated as having a

“positive,

negative,” or “neutral” valence. Positive subthemes

were those that the participants perceived as a positive attribute
of MT, negative subthemes were those perceived by participants
as negative, and neutral subthemes were those perceived as
neither positive nor negative.
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Table 4. Themes (n=3), subthemes (n=13), and valences of user acceptability of Motion Tape (MT).

Theme, valence, and subthemes

Respondents (n=10), n (%)

Theme 1: perceived wear ability
Positive valence
MT has secure adhesive properties.
MT removal processis not painful.

MT isagood fit on low back anatomy.

MT causes minimal discomfort and is not very noticeable during low-intensity movements.

Negative valence

Concerns with MT’s wiring and attachment band

Awareness of MT may limit ROM® and exercises for some people.

Theme 2: perceived usefulness
Positive valence
MT may offer positive benefits for use in physical therapy.
Potential benefitsfor MT use in telehealth

MT could increase patient adherence to and motivation to perform home exercise programs.

MT offers benefits for personalized medicine.
Negative valence
Overall concerns about MT usability and durability
Theme 3: perceived ease of use

Neutral valence

MT is easy to use but may be difficult for a patient to apply themselves.

Mixed perceptions on whether one could usethe MT on their own at home

10 (100)
10 (100)
9 (90)
8 (80)

7(70)
4 (40)

10 (100)
10 (100)
5 (50)
5 (50)

6 (60)

6 (60)
6 (60)

8ROM: range of motion.

Domain 1: Wearability

Regarding perceived wearability, most participantswere familiar
with commercially available kinesiology tape. Thus, their
thoughts on perceived wearability reflected both their experience
with kinesiology tape and their experience wearing MT during
laboratory testing. Generally, participants felt comfortable
wearing MT and would feel comfortable if a medical
professional prescribed MT for them to wear. All participants
felt that MT was secure on their back during validation testing.
One participant stated that the tape was “pretty secure and
stretched with your body.”

Participants predicted that the tape would remain adhered on
their back for approximately 2 to 3 days depending on various
factors such asthe level of activity, temperature, and moisture.
One participant gave an example of how the adhesive properties
would change:

If you worked out or did something really physical it
could get less sticky over time, but | think that the
tapeis pretty stable otherwise.

Regarding thefit of M T, most participantsfelt that it was agood
size and did not hinder their movements. They noted that it
adhered closely to their skin, was not bulky, and could be stored
easily. However, onetaller participant mentioned thefollowing:

https://rehab.jmir.org/2024/1/e57953

Sncel’mataller individual, some stripsweren’'t long
enough for my back.

Regarding the feel of the MT on their skin, most participants
were aware of its presence but generally found it comfortable
and unobtrusive; one participant stated the following:

It didn't feel like it was in the way of anything, and
it didn’t feel like it was there.

While they could feel a dlight pull on their skin during
movements with larger ranges, this was not perceived as a
significant problem. One participant said the following:

When | was bending down [flexion], | could feel it
more. But otherwise, it wasn't that bad. | kind of got
used to it.

Regarding awareness of M T while exercising, participants had
varied responses. Most perceived that the tape would not impede
their exercise performance, but some had concerns. They noted
being aware of and concerned about damaging or dislodging
the sensor wires during exercises, especialy with intense
workouts. They generally preferred awireless design and found
that the MT wires were “messy,” “hard to handle” and
“somewhat restrictive.” In addition, participants anticipated that
they would feel the sensors on their bodies, especially when
their clothing rubbed against them. One parti cipant thought the
following:
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The Motion Tape sensor’s adhesion is pretty strong,
but if it started to ped off, then | might be more aware
of not letting it come off.

A few participants al so expressed concerns about the attachment
band for the MT system, particularly around the chest. They
believed that this feature might be uncomfortable for larger or
female individuals. Regarding removal of the M T, participants
reported minimal pain and discomfort; several participants
likened the sensation to removing a Band-Aid and did not find
it very painful.

Domain 2; Perceived Usefulness

Regarding a PT use case, participants felt that the MT offered
several useful benefits. For example, several participants agreed
that this would be helpful for identifying the cause of pain and
give medical providers that information. A few participants
mentioned that the M T could be used by the physical therapist:

To monitor stress that’s being put on a specific part
of the back and spine and figure out a way to adjust
or to alleviate some of that pain and tension.

To give much more insight into what | am actually
fedling.
To track the patterns of your movement and
recruitment of your muscles, and check if thereisany
irregularity.
In addition, participants expressed that the MT could offer
continuous monitoring for them even when the physical therapist
is not present, allowing for better patient management. One
participant suggested that it could detect if “you’re moving a
certain way that could be further injuring you.”

Most participantsfelt that the use of M T to monitor and record
their PT exercises would serve as a good reminder or external
cueto increasetheir adherenceto their prescribed home exercise
program. Participants noted that having their exercisesrecorded
and monitored would provide them with more motivation to do
their exercises and perform them more regularly and correctly.
For example, one participant stated that they would “probably
do the PT exercises more regularly, especialy since it’'s being
recorded. Can't redlly lie about that.”

Furthermore, participants expressed that M T offers advantages
for personalized medicine and precise data on back pain.
Participants felt that the MT would be helpful for pain
management, injury rehabilitation, and providing a better
understanding of movement. One participant stated that MT
“offersan opportunity to measure movement of the human body
in anew way [for treatment and recovery].”

Furthermore, participants expressed that it would aso be
particularly useful for older people who are not able to make
appointments with their provider:

For the older patients who aren’'t able to make their
doctor’s appointments, if they had [motion] tape
applied to themand then they were sent home, | think
it would be pretty easy for them...

https://rehab.jmir.org/2024/1/e57953
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Thus, participants generally felt that the M T was beneficial and
advantageous for monitoring movements in a free-living
environment to assist with PT management.

Regarding atelehealth use case, participantsfelt that there was
some potential usefulnessfor M T. Some participants expressed
that they perceived theuse of M T for tel ehealth more convenient
and easier than attending in-person PT appointments.
Participants predicted that there would be an increasein remote
visits because they felt that the MT would allow them to be
more independent and do PT on their own time without having
to schedul e in-person appointments and leave their homes. One
participant explained the following:

It would save people a trip outside, or if they were
busy, they could just do it whenever they could,
instead of having to schedule an appointment. | think
it could definitely benefit people.

Participants also expressed that they could envision MT
increasing their compliance and adherence to therapy, leading
to better outcomes. They felt that the MT would alow the
physical therapist to see what is going on and whether patients
are performing their exercises correctly, which would lead to
increased engagement of the patient in their own treatment and
incentivizing adherence to the home exercise program. One
participant explained the following:

Patients would feel like they're more involved in the
treatment, rather than just the PT evaluating them
over a call and then telling them exercises to do.

However, afew participants did not feel that M T would increase
remote PT sessions. For example, one participant expressed
concerns regarding the use of the M T with older individuals as
the older generations may find it challenging to use the
technology and some prefer in-person visits with a physical
therapist. In addition, another participant expressed that, while
the device may be helpful on dayswhen in-person visits are not
possible, some individuals still prefer to use the equipment
available in the clinic. Therefore, while there are potential
benefits, the use of the device and technology for telehealth
may not be suitable for everyone and should be carefully
considered on a case-by-case basis.

Domain 3:; Perceived Ease of Use

Regarding the application processfor MT, participantsfelt that
MT would be easy to use but difficult to apply to one's own
back. Specificaly, participants expressed that older or less
flexible individuals would struggle in applying it to their back.
One participant stated the following:

Grandma would struggle, but someone mobile enough
wouldn’t struggle after getting thorough instructions
and doing it a couple of times.

Perceptions of the application process also affected how the
participants felt about whether the average person would be
able to use the MT on their own at home. Some participants
indicated that they would prefer that a physical therapist apply
it to their back, whereas others felt that they would be able to
apply MT themselvesif shown how to apply it appropriately.
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Regarding the use of MT, participants expressed that it would
be generally easy to use but they would also need detailed
instructions on how to use it properly. Participants suggested a
variety of instructional methods, including written instructions,
pictures, videos, in-person visits, and demonstration by a
physical therapist; visuals and demonstrations were emphasi zed
as most important. Participants also noted that they needed
information on the calibration process, how to turn the sensors
on, how to charge the sensor, how to reapply the tape if it falls
off, how to care for the tape or reattach wires if they fall off,
and whether the tape is safe to wear in water. There were some
concerns expressed about ease of use. Specificaly, some
participants mentioned that lack of access to technological
support could make it difficult for some individuals to use the
MT without assistance.

Discussion

MT Validation

MT demonstrated the ability to measure low back movement
in multiple directions and in a manner comparable to that of a
reference-standard motion capture system. Cross-correlations
between MT strain and motion capture kinematic measureswere
moderate to high for most movement directions and appeared
to better reflect kinematics for movement directions in which
MT was in tension (Figure 6). Patterns of M T strain appeared
different for different low back movements (eg, flexion,
extension, lateral bending, and rotation), suggesting that MT
can distinguish between different movement directions (Figure
5).

However, for several movements and sensors, there was
variability in magnitude and direction of association between
MT strain and motion capture kinematics. Figures 8-12 show
case examplesthat demonstrate variability in direction (positive
Vs negative) of cross-correlations during extension, lateral
bending, and rotation movements. Variability in direction of
association, which reflects MT tension (positive) versus
compression (negative), may betheresult of differing movement
strategies performed by each participant. Asan example, Figure
10 illustrates a positive correlation between MT strain on both
sides of the low back and the lumbar angle during left lateral
bending (tension bilaterally) but a positive correlation only on
the contralateral side (tension) and a negative correlation on
theipsilateral side (compression) during right lateral bending.
These data may suggest that lateral bending movements are
performed, in some cases, by lengthening the spine (Figure 10;
bilateral tension with left lateral bending) and, in other cases,
by compressing or pivoting at spinal segments (Figure 10;
tension and compression with right lateral bending). Low back
kinematics during lateral bending were not different between
sides for this case example, suggesting that MT was able to
capture a level of data that is different from motion capture,
which could be useful for identifying new impairmentsin people
with LBP.

A limiting factor of the existing lower back sensing technologies
summarized in Table 1 isthat some can only capture movement
in a single plane [59]. Other existing devices that can capture
multiple planes of movement often rely on more rigid sensors
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[38,60]. Ensuring that the device seamlessly integrates with the
wearer's natural movements and environment is a common
challenge faced for wearable sensor technology [61]. MT
provides a cost-effective solution for capturing kinematics in
multiple planes and that has the potential for longer-term use
in a free-living environment [60]. MT’s capability to stretch
and conform with the skin sets it apart from other fabric-based
and flexible sensors, providing more comprehensive
measurement of lumbar posture and movement [37,51,62,63].
Therefore, MT holds the potential to become a valuable tool
for the assessment, treatment, and monitoring of LBP.

User Acceptability

Several key themes emerged related to the wearability,
usefulness, and ease of use of MT. Concerning wearability,
participants observed that MT securely adhered to their backs
during the validation testing, and they anticipated that it would
stay in placefor approximately 2 to 3 days, with some variation
due to external factors. This aligns with the typical time frame
of use for commercially available kinesiology tape, estimated
to last for 2 to 3 days [57,64]. The flush-with-skin fit and feel
were perceived as not likely to disrupt daily activities, but
participants expressed concerns about the wired design, the
chest band attachment, and potential friction between clothing
and the sensors. The current M T system design, with wiresand
a chest band attachment, may not be optimal [61]. Previous
research has highlighted the widespread adoption and use of
wirelesstechnologiesin variousfields, particularly in the domain
of health care wearable devices[58]. Therefore, afutureiteration
of MT that minimizes the wires and chest band attachments
would beideal to improve user perceptions of wearahility.

Regarding usefulness, participants believed that MT had the
potential to enhance personalized PT treatment and, importantly,
serveasahel pful reminder to engagein and adhere to prescribed
exercises. Devicesthat allow for remote monitoring of patients
have the potential to broaden the scope of assessments, enhance
treatment outcomes, and enable physical therapists to make
informed decisionsfor future patients[61]. Nevertheless, certain
design limitations might hinder the usefulness of this device by
older, less flexible, or larger individuals. Our findings align
with earlier research studies emphasi zing the need for wearable
sensors to be not only useful and convenient but also inclusive
and accessible to a diverse population [65]. Therefore, future
iterations of MT should address inclusivity and accessibility
concerns to enhance user perceptions of usefulness.

The ease of use of awearable deviceisclosely intertwined with
its usability and the user’s confidence in its correct operation
[62]. Regarding ease of use, participants acknowledged that
applying MT might be challenging without assi stance, but they
anticipated that it would be straightforward if accompanied by
detailed instructions. Providing comprehensive information
about the device fosters confidence and competencein its correct
use, leading to reduced errors and improved user acceptability
[63,66]. Failing to provide adequate use instructions could result
intheincorrect use of M T, potentially adversely affecting patient
outcomes and decreasing user acceptability.

Overdl, participants expressed enthusiasm and curiosity
regarding theinnovative nature of MT and believed that it could
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offer more personalized and insightful treatment for LBP,
particularly duetoits potential for remote monitoring. However,
they also highlighted certain aspectsthat would require attention
in future iterations to enhance user acceptability.

Limitations and Opportunitiesfor Future Research

The participantsin this study were primarily university students
in exercise and nutritional science programs who were young
and fit, may have more knowledge of low back anatomy and
PT, and may be more inclined to accept new technol ogies than
people from other demographics. Collectively, this negatively
impacts the generalizability of the findings to other clinical
populations. Older adultsor individualswith obesity may display
different skin strains due to differing characteristics of skinand
subcutaneous fat, which could impact the validity of MT
measurements. In addition, patients with LBP may display
limited movement or different movement characteristics, which
were not tested in this study. Furthermore, MT may be less
acceptableto older patients, who may have a preference against
use of technology as part of PT treatment. However, starting
with validity testing in healthy young participants allowed for
testing of the full range of movement for MT measures, which
may not be possible in other populations. The standardized
verification, analytical validation, and clinical validation for
biometric monitoring technologies recommends conducting
analytical validation in a healthy population first, followed by
vaidationinaclinica population[67]. Future research is needed
to test MT acceptability and validity for measuring low back
movement in amore diverse patient popul ation, including people
of different ages, with a variety of body types, and with LBP.
Comparing results between people with and without LBP will
also help differentiate movement patterns between the 2 groups.

In addition to assessing patient user acceptability, it isimportant
to evaluate provider acceptability for use of new technologies
in clinical practice. While this study did not assess provider
acceptability of MT, we conducted a preliminary study to
evaluate physical therapist acceptability of MT, and these
findings are reported el sawhere [68]. Asafirst stepinvalidating
MT for a low back use case, this study was limited to a
laboratory environment. Future studies including sensor
improvements and devel opment of amobile app will allow the
MT system to be used and tested for acceptability and validity
in afree-living environment.

Because of their standard size, the location of MTs relative to
spine anatomy may be slightly different for each person. As
previously mentioned, the inferior MTs (5 and 6) were placed
below the middle tapes such that the inferior MTs ideally
crossed the L4-to-L5 and L5-to-S1 junctions. However, for 1
taller participant, the inferior row was not long enough to span
the L5-to-S1 junction. Therefore, an additional limitation may
be variable strain readings due to variability in sensor placement
relative to participant anatomy. Our study team is currently
investigating the impact of variability in placement on
skin-strain measurements.

MT performed well when measuring mid ranges of movement
that resulted in tension on the sensor but waslimitedin its ability
to measure maximal tension and compression. Daily tasks are
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rarely performed at end ranges of movement; thus, the ability
to distinguish movement in mid ranges may be the most critical
for ecological monitoring. However, future sensor iterations
will focus on increasing limits for measuring maximal tension
and compression. Second, there were some instances of
increases in MT strain that do not appear to correspond with
motion capture kinematics (eg, Figure 8; return from extension).
It is possible that thisincrease in strain could reflect increased
muscle engagement associated with the phase of movement.
Because MT measures skin strain, it may have the potential to
detect changesin skin strain as aresult of muscle engagement.
Theinstancesof MT strain that did not correspond with motion
capture kinematics may indicate that the MT detected another
physiological phenomenon, such as muscle engagement. This
has been demonstrated empirically in other areas of the body,
including the biceps and gastrocnemius muscles[48]. Research
iscurrently underway to investigate the extent towhich MT has
the capability to capture muscle engagement in the low back.

It is also possible that increases in MT strain that do not
correspond with motion capture kinematics may be due to a
sensor rebound effect. Preliminary laboratory tests conducted
by investigators confirmed arebound effect when acompressed
MT returnsto aneutral position (Wyckoff E, unpublished data,
February 2024). Due to the piezoresistive property of MT, the
resistance may momentarily increase due to a delayed
mechanical relaxation of the GNS and EC ink matrix, causing
a temporary increase in the distance between conductive
pathways. This rebound effect has also been observed in
piezoresistive carbon [69]. The rebound effect could explain
some of the lower correlations observed for movements that
result in compression of MT. Following compression
movements, there were positive strain values that did not
correspond to the kinematics but, rather, may reflect thisrebound
effect. Additional research is needed to investigate the extent
and true nature of the rebound effect and determine how this
effect can be accounted for in measures of low back strain.

Conclusions

In this study, MT demonstrated moderate to high association
with most low back motion capture kinematic measurements
and can distinguish among multiple directions of movement.
The median cross-correlation values were highest for lateral
bending (0.87-0.94) and rotation (0.84-0.93) but varied more
during forward flexion (0.62-0.93). For movements with
expected positive correlations (MT tension), the highest
correlations were observed in the upper MTs, 1 and 2 (0.84 and
0.80, respectively). However, several measurement limitations
exist for the current version of M T, including limited ability to
measure compression as demonstrated by poor to moderate
median cross-correl ation valuesfor extension movements (-0.55
to 0.06). The MT aso demonstrated limited capacity for
measuring maximal tension associated with end ranges of certain
movements (eg, flexion). User acceptability assessment indicates
primarily positive feedback in the domains of perceived
wearability and useful ness but more equivocal feedback related
to ease of usein its current form. Future sensor devel opments
and testing will be focused on addressing these issues.
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Abstract

Background: Visual disability isagrowing problem for many middle-aged and older adults. Conventional mobility aids, such
aswhite canes and guide dogs, have notable limitationsthat haveled to increasing interest in electronic travel aids (ETAS). Despite
remarkable progress, current ETAs lack empirical evidence and redlistic testing environments and often focus on the substitution
or augmentation of asingle sense.

Objective: This study aims to (1) establish a novel virtual reality (VR) environment to test the efficacy of ETAs in complex
urban environmentsfor asimulated visual impairment (V1) and (2) evaluate theimpact of haptic and audio feedback, individually
and combined, on navigation performance, movement behavior, and perception. Through this study, we aim to address gaps to
advance the pragmatic development of assistive technologies (ATs) for persons with V1.

Methods: The VR platform was designed to resemble a subway station environment with the most common challenges faced
by persons with VI during navigation. This environment was used to test our multisensory, AT-integrated VR platform among
72 healthy participants performing an obstacle avoidance task while experiencing symptoms of V1. Each participant performed
the task 4 times: once with haptic feedback, once with audio feedback, once with both feedback types, and once without any
feedback. Data analysis encompassed metrics such as completion time, head and body orientation, and trgjectory length and
smoothness. To evaluate the effectiveness and interaction of the 2 feedback modalities, we conducted a 2-way repeated measures
ANOVA on continuous metrics and a Scheirer-Ray-Hare test on discrete ones. We al so conducted a descriptive statistical analysis
of participants answersto a questionnaire, assessing their experience and preference for feedback modalities.

Results: Results from our study showed that haptic feedback significantly reduced collisions (P=.05) and the variability of the
pitch angle of the head (P=.02). Audio feedback improved trgjectory smoothness (P=.006) and mitigated the increase in the
trajectory length from haptic feedback alone (P=.04). Participants reported a high level of engagement during the experiment
(52/72, 72%) and found it interesting (42/72, 58%). However, when it cameto feedback preferences, lessthan half of the participants
(29/72, 40%) favored combined feedback modalities. This indicates that a majority preferred dedicated single modalities over
combined ones.

Conclusions: AT is crucia for individuals with VI; however, it often lacks user-centered design principles. Research should
prioritize consumer-oriented methodol ogies, testing devicesin astaged manner with progression toward moreredlistic, ecologically
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valid settings to ensure safety. Our multisensory, AT-integrated VR system takes a holistic approach, offering afirst step toward
enhancing users' spatial awareness, promoting safer mobility, and holds potential for applicationsin medical treatment, training,
and rehabilitation. Technol ogical advancements can further refine such devices, significantly improving independence and quality

of life for those with VI.

(JMIR Rehabil Assist Technol 2024;11:e55776) doi:10.2196/55776
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Introduction

Background

Visua impairment (V1) affects a considerable proportion of
middle-aged and older adults [1]. In the United States alone,
approximately 12 million people aged =40 years experience V1,
with about a million of them experiencing blindness [2].
Globally, the statistics are similar, with reports from the World
Health Organization indicating that there are 2.2 billion people
with eye and vision problems [3]. Not only is VI an important
contribution to mobility disability, it is also associated with
increased risks of stroke, arthritis, diabetes, and cancer [4-6].
VI is dso dignificantly associated with decreased life
satisfaction, unemployment, and social isolation, which may
lead to depression and increased risk of suicidal behavior [7-9].
Considerable economic costs are also associated with VI due
to productivity losses, costs to the health system to provide
accessible eye care, and other financial implications of vision
loss and its comorbid conditions [10,11].

The autonomy of persons with VI is often jeopardized for the
many everyday tasksthey need to attend to, including travelling
unknown environments. One of the chief challengesto achieving
independence for persons with VI is associated with safe,
independent, and efficient navigation, particularly in unfamiliar
locations [12-14]. Conventional navigation aids include white
canesand guide dogs[15]. Although these aids provide valuable
mobility support, they bear important limitations that preclude
their widespread adoption. In fact, only an estimated 2% to 8%
of personswith VI use white canes or guide dogs in the United
States [16,17]. The white cane is light, portable, and easily
replaceable, but it can only detect objects through physical
contact. It is unable to provide any information about sublevel
pits or holes, uneven terrain, and obstacles that are not in the
range of the stick. Likewise, it is difficult to use for detecting
moving objects, such as cars and people [18,19]. Guide dogs
may help with more security in new and unfamiliar areas and
can improve the safety of their owners. However, guide dogs
are expensive, their training period is long, and they are only
viable for about 7 years [18,19]. In the last 20 years, severa
studies have focused on assistive devicesto foster independence
and fecilitate navigation of persons with VI in indoor and
outdoor environments. These technol ogies, known as el ectronic
travel aids (ETAS), are devices that collect environmental
information using 1 or more sensors and transmit such
information to the user through touch and sound [20]. The state
of theart offersawiderange of ETAsthat incorporate functions
for obstacle avoidance or r route selection [21-23].
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Development of ETAs with regard to production and
commercialization is still hindered by 2 main factors [24].

Thefirst factor isthelack of empirical evidence about the extent
to which such devices detect obstacles and improve performance
in mobility tasks [25]. In fact, most systems developed for
persons with VI have concentrated on addressing the deficit of
sight through the enhancement of a singular sensory input.
Often, the emphasis has been on substituting or augmenting
visual information through technologies that cater to touch or
sound [26-28]. While these approaches to sensory substitution
have shown promising outcomes, they may miss out on the
broader advantages of combining multiple senses. Relying on
a single sensory modality could limit the overall appraisal of
the environment for individuals with VI [29]. A multisensory
approach could offer a more nuanced and complete perception
of surroundings, paving the way for more effective solutions
for persons with VI [30,31].

Second, the state of the art on ETA testing hasrelied on artificial
or noncontrolled settings that limit one's ability to assess the
value of any particular approach before field deployment
[32-35]. In particular, users are guided through these setups
using game pads or joysticks, which may inadequately emulate
the unpredictable challenges encountered in daily life by persons
with VI [36]. Experimental validation in theseless-than-realistic
environments with limited ecological validity might result in
an inaccurate estimation of the system’'s effectiveness.
Real-world conditions introduce a multitude of variables and
complexities that are challenging to replicate artificially,
emphasizing the need for more comprehensive testing strategies
that better reflect the dynamic nature of everyday scenarios.

In this study, we propose an assistive technology (AT)
combining haptic and audio cues to provide comprehensive
obstacle avoidance assistance. The haptic feedback was
delivered through an improved version of the wearable system
previously devel oped by our group [37-39], consisting of abelt
equipped with an array of actuators positioned around the user’s
abdomen. This tactile interface served as an intuitive guide,
conveying real-timeinformation about the proximity of obstacles
inthe user’ssurroundings. The proposed ETA featuresan audio
feedback component that uses beep sounds to alert users to
potential obstacles.

We developed avirtual reality (VR) framework to explore the
effectiveness of the multisensory AT on healthy participants,
before field deployment on persons with VI. VR provides a
versatile platform for seamlessly incorporating various haptic
feedback modalities and enhancing them with complementary
audio effects, thereby facilitating navigation within virtual
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environments [40,41]. The precision of VR alows for the
accurate simulation of diverse, and even rare, forms of eye
pathologies [42-44]. The ability to simulate VI has broad
applications across science, engineering, and medicine. For
example, effective VI simulations could enhance public
understanding of VIs, potentially aiding in early disease
diagnosis [45-48].

Study Overview

Our study involved the creation of a realistic and dynamic
subway station environment, where 72 healthy participants
performed avirtual obstacle avoidance task while experiencing
simulated VI. The experiment comprised 4 conditions: haptic
feedback only, audio feedback only, both haptic and audio
feedback, and no feedback. For each condition, we gathered
data on participants’ navigation performance, including timeto
complete the task, number of collisions, trgjectory length, and
smoothness, aswell astheir movement behavior, encompassing
head and body orientation. Through amultifaceted comparison
of participants movement behavior and navigation performance
across conditions, we sought to evaluate the role of haptic and
audio feedback, both individually and in combination, on users
mobility and behavior. We envision this platform as a robust
and easily customizable tool for investigating diverse feedback
modalities, contributing to adeeper understanding of the needs
of individuals with VI, and fostering continuous advancements
in the design and development of ATs.

Methods
VR Platform

Design of the Environment

We built a VR platform to assess the effect of different types
of feedback modalities and their combination on users' behavior

Ricci et a

and navigation performance. VR constitutes an ideal framework
to test different conditions in highly realistic and dynamic
scenarios [49-51]. We designed a multisensory, AT-integrated
VR system comprising audio feedback implementedin VR and
ahaptic feedback deviceinterfaced with thevirtual environment.
We conceived an obstacle avoidance task to assess the ability
of the 2 feedback modalities (individualy or together) to
enhance the mobility of personswith V1.

The application was built and run on a Lenovo Legion 5
15IMHO05H gaming laptop. To optimize the gaming stream and
ensure theimmersiveness of the application, we used aTP-Link
Archer GX90 AX6600 Tri-Band Wi-Fi 6 Gaming Router. The
Unity game engine (version 2019.4.9f1) was used to develop a
VR application for the Meta Quest 2 headset and Touch
controllers. Users navigated the virtual environment by
physically walking in a first-person perspective. In VR, we
designed 2 floors of a subway station whose size matched the
dimensions of the physical environment where the experiment
took place. The 2 environments included common obstacles
and hazardsthat may be encountered whilewalking in a subway
station, such as broken elevators, construction sites, working
tools, garbage, scaffoldings, signage furnishing, and turnstiles
(Figure 1). A food vendor, a street musician, and other
pedestrianswere included to increase engagement and dynamism
of the overall environment (Figure 1). We also simulated an
elevator ride from thefirst floor to the second floor of the virtual
subway station (Multimedia Appendix 1).

Figure 1. Example of the virtual reality environments implemented in this study: (A) the first floor and (B) second floor of a subway station. We
simulated an elevator ride from the first floor to the second floor of the subway station environment.

(A)

To create a redlistic VR experience, sound effects related to a
subway station environment, including those of animated
pedestrians, were added. As shown by prior studies, integrating
sounds related to the visual content enhances the sense of
presence of participants in a virtual environment [52,53]. To
integrate realistic audio effects in the VR application, we used
FMOD, an end-to-end solution for sound that integrates
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seamlessly with Unity. It simplifies the process of creating
sound behaviors, with a comprehensive set of features that
alows one to quickly and easily build adaptive audio.

VI Simulation

InVR, wesimulated different aspects of VI, including peripheral
visionloss, reduced contrast sensitivity, altered color perception,
and glare [54], as shown in Figure 2 (refer to Multimedia
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Appendix 2 for more details). Impairment severity was based
on the extent of peripheral vision loss and the intensity of the
simulated symptoms. Our simulation of peripheral vision loss
specifically targeted the severe stage of glaucoma, a prevalent
cause of VI among adultsin the United States, which isknown
for its substantial impact on mobility [55]. This progressive
reduction of the peripheral visua field in glaucoma impedes
the clear identification of objects, whichiscrucial for obtaining
wide-field information about the environment [56,57]. Realistic
simulation of such symptoms was accomplished by combining
postprocessing effects and C# scripts coded in Unity.

Ricci et d

Specifically, we combined rendering and graphic tools provided
by Unity, such as shader and culling mask. A shader is a
mini-program that provides a flexible way of dynamically
tweaking the appearance of any componentsin the scene (such
as models and lights). A culling mask is a camera's property
that allows one to selectively render objects in the scene. We
used a Gaussian blur shader to reproduce the symptoms of glare
and blurriness and a culling mask to create the visual effects of
peripheral vision loss, reduced contrast sensitivity, and altered
color perception.

Figure 2. Effects on vision due to a visual impairment simulated in virtual reality: peripheral vision loss, reduced contrast sensitivity, atered color

perception, and glare.

To ensure the realism and accuracy of our simulations, we
sought the expertise of 2 professionalsfamiliar with low-vision
conditions. Specifically, a certified orientation and mobility
specialist (also a certified low-vision therapist) with >30 years
of experience in the field and the chief research officer at an
American nonprofit organization dedicated to vision
rehabilitation and advocacy for the blind, whoisalso aresearch
professor of ophthalmology at New York University Grossman
School of Medicine, provided their expertise.

Multisensory, AT-Integrated VR System

Obstacle Detection

Obstacle  detection was implemented wusing the
UnityEngine.PhysicsModule. Specifically, the Spherecast
function was used to project a sphere of agiven radiusinto the
scene. The function returns atrue Boolean value when an object
in the virtual environment is hit by the sphere, and it provides
information about the distance between the projection point and
the object.

Haptic Feedback

The haptic feedback was provided by a wearable devicein the
form of a belt that improves on our team’s previous effort
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[37-39]. The belt was equipped with 10 cylindrical eccentric
rotating mass actuators (Precision Microdrives Ltd, model
number 307-103) with a diameter of 9 mm and a length of 25
mm. We opted for thistype of actuator asitiswidely available,
simpleto use, and inexpensive. The actuators were arranged on
6 distinct modular units that could be added or removed easily
based on users preference, ability, and experience with the
device (Figure 3). The units were designed in SolidWorks
(version 2019) and 3D printed on aBambu Lab X 1C. Precisely,
the 4 central modules had 2 actuators each disposed horizontally
and separated by a vertical distance of 85 mm. In these central
modules, each actuator was enclosed in a parallelepipedal
housing of dimensions 35 mm x 42 mm x 10 mm. The housing
was made of polylactic acid. To minimize the vibrationsinside
the modules, each actuator was connected through springsto a
flexible element of thermoplastic polyurethane. The 2 modules
at the ends of the belt each had a single actuator positioned
vertically in the center. In these lateral modules, each actuator
was enclosed in a parallelepipedal housing of dimensions 45
mm x 60 mm x 12 mm.

JMIR Rehabil Assist Technol 2024 | vol. 11 | €55776 | p.49
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Ricci et d

Figure 3. Picture of the new prototype of the haptic feedback device tested in this study.

Once assembled, the modules were evenly inserted on the 2
straps of acommercia waist bag, which was secured above the
user’s hips through a buckle. Inside the waist bag, we placed
all the electronic components needed to control and power the
belt, namely, a custom printed circuit board, an EPS32
microcontroller (Espressif Systems), and a Krisdonia 50,000
mAh power bank. The function of the actuators on the belt was
to provide environmental information through vibration
feedback on the users abdomen. Specificaly, the vibration
indicated the presence and location of obstacles near the user
in the virtual environment. The amplitude and frequency of the
vibration were programmed to vary on 3 levels based on the
distance from the obstacles; information about the position and
location of closer obstacles was conveyed through higher
amplitude and frequency. The belt was connected to the laptop
via Wi-F using the EPS32 microcontroller. The interface
between the belt and the VR environment was enabled through
aserver or client transmission control protocol establishedin a
C# script.

The user’s field of view in VR, characterized by a horizontal
span of 89° and a vertical span of 93° (per the Meta Oculus
Quest 2 specifications), was discretized into a grid comprising
10 sectors. This grid layout closely mirrored the configuration
of actuators on the haptic feedback belt. Each sector was then
associated with avirtual sphere projected from the user’s body.
The 10 resulting spheres were positioned to align with the 10
field of view sectors. Anytime an obstacle fell into a sector, it
was detected by a specific sphere, and information to activate
the actuators was sent through the transmission control protocol
to the EPS32 microcontroller. The latter used pulse width
modul ation to control ametal -oxide-semiconductor fiel d-effect
transistor driver (Texas Instruments) placed in the printed circuit
board, which fed the actuators. The maximum hit distance of
the spheres was set to 2.5 m based on pilot testing of the haptic
feedback system. This value determined the range of action of
the belt. The frequency of vibration was regulated on 3 levels
based on the distance of the object from the user in VR by means
of aC++ code.

Audio Feedback

The audio feedback was provided through the VR headset, and
it consisted of a beep sound added to the VR application using
an FMOD sound effect engine. Similar to haptic feedback, audio
feedback servesthe purpose of alerting users of the presence of
obstacles in their surroundings via a beep sound. The sound
was played at increasingly short intervals asthe user approached
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an obstacle. The VR device was connected to the laptop via
Wi-Fi using the Oculus application and Quest Link.

Obstacle detection through audio feedback was again
implemented in a C# script using the Spherecast function.
However, in this case, only 1 sphere was designed to be
projected from the user’'s head in the virtual environment.
Anytime an object was in the direction the user was facing, it
was detected by the sphere and a beep sound was emitted by
the VR headset to alert the user about the presence of an
obstacle. Similar to the haptic feedback, the maximum hit
distance of the sphere was set to 2.5 m. The rationale behind
thisaudio feedback design wasto enhance users’ residual vision
while exploring the environment with their head movement via
simple and intuitive audio feedback.

Moving forward, future implementations could explore
additional sensory cues to further enrich the user experiencein
virtual environments. For example, synchronized footstep
sounds tailored to users movements have been shown to
significantly elevate perceived presence in the virtua
environment. Thisheightened presencefosters greater avareness
of one’'sgait and posture, resulting in more authentic interactions
and enhanced movement control [58]. The efficacy of
echo-acoustic cuesin navigating virtual environments has also
been previoudy assessed [59]; not only could these cuesimprove
collision avoidance and navigation efficiency, but they may
also enhance the perception and evaluation of different routes
after training.

Experimental Methods

Participants

A total of 72 healthy participants with amean age of 25.93 (SD
4.48) years were recruited from New York University Tandon
School of Engineering. Of these 72 participants, 26 (36%)
self-identified as women and 46 (64%) as men. To reduce the
risk of injury or discomfort associated with the use of a VR
device, we excluded people who were pregnant; older adults;
had preexisting binocular vision abnormalities or psychiatric
disorders; had a heart condition, seizures, or other serious
medical conditions; and used medical devices. We opted for
self-reported visual acuity to exclude persons with preexisting
binocular vision abnormalities, as conducting objective
screenings for all participants would have required additional
resources, including time and personnel. Given the nature of
our research and the characteristics of our target population, we
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felt self-reporting was a practical and feasible approach,
allowing us to efficiently gather relevant data without
significantly extending the duration of participant recruitment
and data collection. Participantswith normal or normal corrected
vision were included in the study.

Figure 4. Multipurpose production space used to conduct the experiments.

-

L

There was no training provided for using the haptic feedback
device or the VR platform; participants completed the
experiment in asingle session.

Participants performed an obstacle avoidance task on the 2 floors
of the virtual subway station environment while experiencing
the most common symptoms and signs of a V1. Specifically,
participants were asked to physically walk from astarting point
until they reached avirtual elevator and then turn 180° and walk
back until they reach the train platform. To help participants
understand that they had reached the final destination, arrival
was signaled through the sound of a turnstile opening and the
animation of a train passing by. Immediately after the
completion of each condition, participants were asked to fill
out a questionnaire concerning their overall experience and the
2 types of feedback (refer to the Questionnaire subsection).

During the experiment, the belt and the VR headset alerted users
about the presence of obstaclesin the surrounding environment

https://rehab.jmir.org/2024/1/e55776

RenderX

Ricci et d

Procedure

The experimental study took placein amultipurpose production
space at New York University’s Media Commons, consisting
of 4 bays, each of which was 6 m long and 2 m wide with a

total areaof 178 m?. Other than 4 curtains positioned along the
sidewal of the bays, the environment was free from
obstructions. Thus, participants were ableto walk freely during
the experiment (Figure 4).

through vibration feedback on the abdomen and audio feedback,
respectively, to minimize the possibility of acollision. Theright
Oculus Touch controller vibrated any timeauser hit an obstacle
inthevirtua environment to reproduce the sensation of touching
an object. Theleft Oculus Touch controller was attached to the
haptic feedback device vertically to track the position of the
users during the experiment (refer to the Data Collection
subsection). The experiment wasaimed at realistically recreating
a path from the entrance of a subway station to the train
platform, with a maximum duration of 30 minutes to prevent
distress associated with extended VR sessions [60].

Conditions and Research Questions

A total of 4 experimental conditions were tested to elucidate
theindividual and combined effects of haptic and audio feedback
on movement behavior, navigation performance, and
self-reported ratings. Each participant performed the task in 4
different conditions. no feedback, haptic feedback only, audio
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feedback only, and both feedbacks. Apart from the type of
feedback provided, all conditions were identically structured.
Each participant was assigned to only 1 (4%) of the 24 possible
combinationsfor the following purposes: (1) preventing fatigue
from potentially diminishing the impact of the feedback on
users performance in the later stages of the experiment and (2)
mitigating biases related to increased familiarity with the
devices. During the obstacle avoidance task, data on the
navigation performance (task completion time, number of
collisions, and trajectory) and movement behavior (head and
body orientation) of the participants were collected (refer to
Data Collection subsection).

This study aimed to answer the following research questions
(RQs) based on the collected data:

« RQL How didindividual and synergistic use of the 2 types
of feedback affect the navigation performance of
participants across experimental conditions?

« RQ2.How didindividual and synergistic use of the 2 types
of feedback affect the movement behavior of participants
across experimental conditions?

+ RQ3. How did participants perceive the individual and
synergistic use of the 2 types of feedback across
experimental conditions?

Data Collection

Metrics

During each experiment, we collected the following metrics:
number of collisions, completion time, head orientation, and
body position and orientation. To save these metrics, we used
2 C# scripts. The first script was used to start and reset a
stopwatch at the beginning of each experiment and to collect
the following data: (1) head orientation (Euler angles) from the
VR headset, (2) body position from the user’sbody in VR, and
(3) body orientation from the left Oculus Touch controller.
Spexifically, to collect dataon users’ body position, we provided
the player with a CapsuleCollider and a RigidBody component.
The former is an invisible capsule-shaped primitive that
represents the user’s body in VR, while the latter provides the
user’s body with physics properties. These 2 components moved
in the virtual environment according to the movement of the
user in the real environment. The left Oculus Touch controller
was secured vertically on the belt by means of an element
3D-printed in carbon fiber reinforced polylactic acid and used
for collecting users body orientation. The game object
representing the left Oculus Touch controller in VR moved in
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the virtual environment according to the movement of the
physical controller in the real environment.

The second script was used to simulate the collision with
obstacles and to alert the user through a vibration provided by
the right Oculus Touch controller. To enable the vibration of
the controller, each virtual object was provided with a
RigidBody and a Collider component. In this case, we used a
BoxCollider, an invisible box-shaped primitive that encloses
the object. When a BoxCollider of an object came in contact
with the collider of the player, the script initiated the vibration
of the right Oculus Touch controller and registered a collision.

Questionnaire

A questionnaire was created to collect participants' opinions
on the overall experience and the 2 types of feedback. The
guestionnaire (Multimedia Appendix 3) included 8 items.
Questions 1 to 3 were designed to investigate participants
familiarity with VR, emotional reaction, and potential motion
sickness felt during the experiment. Question 4 sought to
understand participants' personal perception of their navigation
performance during the 4 experimental conditions. Question 5
asked for an explanation about their answer to question 4.
Question 6 was designed to explore participants preference
toward 1 specific condition. Question 7 required an explanation
about that preference. Finaly, the participants were asked to
give an overall evaluation of the experience using a 5-point
scale (not at al interesting, dightly interesting, moderately
interesting, fairly interesting, and extremely interesting). The
guestionnaire was developed in a Google form, and it was
accessible to participants by scanning a QR code. Participants
filled out the questionnaire only after they completed al the 4
experimental conditions.

Data Processing

The data processing was performed in MATLAB (MathWorks,
version 2021b). The body position was defined in a coordinate
system CSO whose origin was set at the experiment starting
position, as shown in Figure 5A. The x- and y-axes were
oriented along the main dimensions of the room, whilethe z-axis
was aligned with the direction of gravity. Euler angles (Y, 6,
¢,,) were used to describe the orientation of the trunk, and Euler
angles (U, 6y, ¢r,) were used to describe the spatial orientation
of the head; coordinate systems are shown in Figure 5B. Raw
data of the Euler angles and body position were smoothed using
a quadratic regression method over awindow of 20 samplesto
minimize noise from the measured data.
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Figure 5. Coordinate systems used to define (A) body position (CS0; X0, YO, and Z0) and (B) head (CSh; Xh, Yh, and Zh) and body (CSbh; Xb, Yb,

&)

and Zb) orientation.

Trajectory Length and Smoothness

We computed participants’ trgjectory length and smoothness.
The tragjectory length of each participant was calculated as

follows:
E

where nF is the number of frames, p; = [Xq,Y o] is the body

positionin 2 dimensions at time step t, and || || is the Euclidean
norm.

Smoothness was estimated through the spectral arc length
(SPARC) [61] and computed as follows. First, we performed a
numeric derivative on the speed profile v. Then, we computed
the fast Fourier transform on the speed to obtain the spectrum
magnitude V(f) as a function of the frequency f, which we
normalized with respect to its maximum to obtain.

@

where f; isthe i-th frequency component of the spectrum.
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We determined the cut-off frequency f. as the maximum

frequency where the spectral magnitude is above a threshold V
and below a maximum frequency limit f,,,

fc = {fi < fma)o Vnorm(fi) > V}
Finally, we computed the SPARC,

]

where N, is the number of frequency components up to f. and
AV(f)) is the difference in the normalized spectrum magnitude
between adjacent frequency components, calculated as AV(f;)
= Viorm(fix 1) = Viorm(f)- We set V = 0.05 and f,,, = 10 Hz. The
SPARC isrelated to the frequency content of the velocity, and

therefore, a smoother movement presents a higher value of
SPARC.

Head and Body Mation Entropy

To evaluate how each condition affected the user’shead motion,
we performed an analysis of the variability of the pitch angle
of the head 6,, and the difference between the head yaw angle
Wy, and body yaw angle |, defined as .
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The angle variability was calculated by computing Shannon
entropy, defined as
@]

where p(-) denotes probability and A isareadlization of A inthe
sample space of al the possible realizations Q. The entropy
H(A) is expressed in bits because alogarithm with base 2 was
used. To compute the entropy for the aforementioned angles,
we split the range of motion into single-degree intervals and
computed the probability for each bin.

Statistical Analysis

The statistical analysis was performed in RStudio (Posit PBC,
version 2022.07.2). Specifically, the function kolmogorov_test
of the nortest package (version 1.0-4) was used to perform the
normality test on residuals. The function Imer of the ImerTest
package (version 3.1-3) and the function anova of the rstatix
(version 0.7.0) were used to conduct the 2-way repeated
measures ANOVA. The function rank of the car package
(version 3.1-2) was used for the rank transformation. The
function Scheirer-Ray-Hare of the package 2.4.35 was used to
conduct the Scheirer-Ray-Hare test. The graphical
representations of the statistical analysis shown intheinteraction
plots were computed using the function ggplot of the ggplot2
package (version 0.4.0).

Before the execution of the statistical analysis, we used the
Kolmogorov-Smirnov test to evaluate the normality of residuals
derived from our linear model. For each performance metric,
we conducted normality tests across various experimental
conditions, encompassing scenarios with no feedback, haptic
feedback only, audio feedback only, and both feedback
modalities. For the time taken to complete the task, tragjectory
length, entropy of the pitch angle, and difference between the
yaw angle of the head and the yaw angle of the body, we found
evidenceto reject the null hypothesisthat the datado not follow
a normal distribution. However, for the number of collisions
and trgjectory smoothness, the test did not provide sufficient
evidence to reject the null hypothesis. On the basis of these
findings, we rank-transformed the trajectory smoothness and
verified the normality of the residuals, akin to the other
continuous metrics mentioned in the Metrics subsection, and
chose an dternative test, Scheirer-Ray-Hare, for the specific
treatment of the number of collisions, the only discrete metric
of our study (whose residuals from a standard ANOVA would
not satisfy the normality assumption).

To study the individual and synergistic effects of haptic and
audio feedback on participants’ navigation performance (RQ1),
we performed a 2-way repeated measures ANOVA on the
following metrics: (1) timetaken by each participant to complete
the task across all conditions; (2) trajectory length, L, of each
participant across all conditions; and (3) rank-transformed
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trajectory smoothness, SPARC, of each participant across all
conditions.

We performed a Scheirer-Ray-Hare test on the number of
collisions of each participant while performing the task across
all conditions.

To address the individual and synergistic effects of the haptic
and audio feedback on participants movement behavior (RQ2),
we performed a 2-way repeated measures ANOVA on the
following metrics: (1) entropy of the pitch angle of the head,
H(8,), of each participant acrossall conditions; and (2) entropy
of the difference between the yaw angle of the head and yaw
angle of the body, H(x), of each participant acrossall conditions.

Finally, to gather participants’ opinion regarding their overall
experience and their perceptions of the 2 types of feedback used
across the 4 experimental conditions (RQ3), we conducted a
descriptive statistical analysis of their answers to the
guestionnaire.

Before the statistical analysis, we identified outliers in the
datasets. Out of 288 observations, the analysis revealed the
presence of 6 (2.1%) outliersin the compl etion time dataset, 92
(31.9%) outliersin the number of collisions dataset, 25 (8.7%)
outliers in the trgjectory length dataset, 19 (6.6%) outliers in
the SPARC dataset, 1 (0.4%) outlier in the entropy of pitch
angledataset, and 5 (1.7%) outliersin the dataset of the entropy
of the difference between the yaw angle of the head and body
yaw angle. The presence of outliersis ascribed to instancesin
which participants may have encountered challenges in
comprehending the functioning of the devices or may not have
paid attention to 1 or both feedback types. We removed all the
outliers from the analysis.

Ethical Considerations

Before starting the experiment, all participants signed an
informed consent form in accordance with procedures approved
by the Institutional Review Board at New York University
(IRB-FY 2023-7774). Participantswere also told that they could
take breaks between each condition and withdraw from the
study at any time. All data collected during the study are
nonidentifiable, ensuring  participants  privacy and
confidentiality. Furthermore, participants did not receive any
compensation for their participation in the experiment.

Results

Experimental results in terms of mean and SE of the mean for
individual and synergistic effects of haptic and audio feedback
arereported in Figure 6. To determine the effectiveness of each
feedback as well as their interaction, we conducted a 2-way
repeated measures ANOVA on continuous metrics and a
Scheirer-Ray-Hare test on discrete ones.
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Figure6. Interaction plots showing theindividual and synergistic effect of the haptic and audio feedback on participants’ navigation performance: (A)
time to complete the task, (B) number of collisions, (C) trgjectory length (L), and (D) trajectory smoothness (spectral arc length; SPARC). Interaction
plots showing theindividual and synergistic effect of the haptic and audio feedback on participants movement behavior: (E) entropy of the head, H(6h),
and (F) entropy of the difference between the yaw angle of the head and the yaw angle of the body, H(x).
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Number of Collisions and Completion Time

Experimental results on completion time and number of
collisionsarereported in Figure 6A and Figure 6B, respectively.
The haptic feedback through the belt was conducive to an
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increase in the completion time of the task (F; ;075=4.7962;
P=.03) and a decrease in the number of collisions (test statistic
from the Scheirer-Ray-Hare test, H=3.8285; P=.05). The audio
feedback, instead, was not found to modulate the completion
time and number of collisions; neither did we find amain effect
of the audio feedback (completion time: F; ,57,5=0.1467; P=.70
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and collisions: H=0.6110; P=.43), nor did we observe a
significant interaction between the audio and haptic feedback
(completion time: Fj5075=1.7725; P=.18 and number of

collisions: H=0.8518; P=.35).

Trajectory Length and Smoothness

Experimental results on L and SPARC are reported in Figure
6C and Figure 6D, respectively. The haptic feedback through
the belt was linked to a notable increase in trajectory length
(F1,188.12=7-3482; P=.007), though it did not yield asignificant
variation of the trajectory smoothness (F, ,,3=0.0127; P=.91).
In contrast, audio feedback yielded a significant enhancement
in the trajectory smoothness (F 53=7.6342; P=.006), but it did
not influence the trajectory length (Fy 155 00=0.2972; P=.58). A
significant interaction between haptic and audio feedback was
observed with respect to thetrgjectory length (F g5 75=4.20092;
P=.04) but not with respect to the trgectory smoothness
(Fl,213:1'2684; P:26)

M ovement Behavior

Experimental results on H(B,,) and H(x) are reported in Figure
6E and Figure 6F, respectively. The haptic feedback through
the belt resulted in areduction of the entropy of the pitch angle
of the head (H(6y): F; 20854=6.1273; P=.02), but it did not yield
asignificant variation in the entropy of the difference between
the yaw angle of the head and the yaw angle of the body (H(X):
F121093=1.5553; P=.21). Audio feedback was not found to
influence either the entropy of the pitch angle of the head or the
entropy of the difference between the yaw angle of the head
and the yaw angle of the body (H(8}): F; 209.10=0.0356; P=.85
and H(X): F121003=0.1791; P=.67). No significant interaction
was observed between audio and haptic feedback H(6,):
F1.20854=1.9633; P=.16 and H(X): Fy21093=1.0517; P=.31).

Per ception

From the analysis of the questionnaires, we found that 63%
(45/72) of the participants had previous experience with VR,
76% (55/72) felt engaged while performing the experiment, and
only 6% (4/72) experienced nausea or motion sickness while
performing the experiment. We discovered that 50% (36/72) of
the participants thought that their navigation performance, in
terms of completion time and collision number, was better in
the condition where they received both the haptic and audio
feedback. Intotal, 24% (17/72) of the participantsthought their
navigation performance was better in the condition where they
received only the audio feedback, and 14% (10/72) of the
participants thought their navigation performance was better in
the condition where they received only the haptic feedback.

We found that 40% (29/72) of the participants preferred the
condition where they received both the haptic and audio
feedback, 32% (23/72) of the participants favored the condition
where they received only the audio feedback, and 18% (13/72)
of the participants favored the condition where they received
only the haptic feedback. Finally, 58% (42/72) of the participants
evaluated the overall experiment as extremely interesting, and
39% (28/72) of the participants eval uated the overall experiment
asfairly interesting.
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Discussion

Context and Significance

V1 refersto acondition where an individual experienceslimited
vision that cannot be fully corrected by glasses, contact lenses,
or medical interventions. Persons with VI often encounter
significant mobility issues that may affect their confidence in
engaging with their surroundings, hindering social interactions
and community involvement. Ongoing advancementsin ETAS
continue to contribute to the increased autonomy and improved
mobility of individuals with Vs, highlighting the potential of
technology to positively impact the lives of those facing mobility
challenges. These devices leverage technology to assist users
in navigating their surroundings more effectively. Common
characteristics of ETAs include the use of sensors, GPS
technology, and auditory or tactile feedback systems to detect
obstacles and provide users with real-time feedback about their
environment or to help userswith route planning and destination
guidance.

In this study, we introduced a multisensory AT system based
on haptic and audio feedback for obstacle avoidance. We tested
our system in a VR environment resembling a complex urban
environment. VR offersthe possibility to design highly realistic
and easily customizable environments where ATs can be tested
and refined under various experimental conditions while
avoiding potential risks of thereal world. In addition, rendering
and postprocessing tools available in VR enable an accurate
simulation of variousformsof VI at different stages of progress.
While we recognize that studying healthy participants with
simulated VI does not fully replicate real-life scenarios of
organic VI individuals, it is a critical first step in developing
ATs. Using healthy participants in early technology phases
allowsusto test and refine ATswithout causing stressfor actual
V1 individuals, who may prefer |ater-stage trials. Recognizing
theimportance of inclusivity in participant selection, weintend
to expand our research to include a broader range of persons
with blindness or various experiences of VI, including those
with acquired or congenital eye pathologies, to ensure the
clinical relevance of our findings.

We extended our previous work on the use of VR for testing,
refining, and training with ETAs [42]. We proposed a
multisensory system where haptic feedback is provided by an
upgraded version of our in-house built haptic feedback device
[37-39], complemented by audio feedback that is provided by
aVR headset. The system was eval uated through an experiment
where 72 healthy participants performed an obstacle avoidance
task in a virtual subway station while experiencing the
simulation of VI symptoms at an advanced severity stage. The
virtual environment was designed to align with the dimensions
of the physical environment where the experiment took place.
During the experiment, participants were asked to walk in the
VR environment trying to avoid obstacles that were presented
along their path. Each participant performed the experiment 4
times under different conditions (with haptic feedback only,
with audio feedback only, with both haptic and audio feedback,
and without any feedback). Depending on the experimental
condition, participants received vibrotactile feedback on the
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abdomen through the belt and audio feedback, consisting of a
beep sound, from the VR headset that indicated the presence of
obstacles aong their path.

Through this experiment, we investigated the impact of our
multisensory, AT-integrated VR system on participants mobility
performance and movement behavior. Specifically, we eval uated
how theindividual and synergistic use of the 2 types of feedback
affected the navigation performance (RQ1), movement behavior
(RQ2), and perception (RQ3) of participants across experimental
conditions. We performed a 2-way repeated measures ANOVA
on task compl etion time, number of collisions, trajectory length
and smoothness (RQ1), the entropy of the pitch angle, and the
entropy of the difference between the yaw angle of the head
and the yaw angle of the body (RQ?2). Finally, we conducted a
descriptive statistical analysis of their answers to the
guestionnaire (RQ3).

Principal Findings

Navigation Performance and Movement Behavior

Our investigation of the efficacy of the haptic feedback device
indicated notable improvements in participants navigation
performance, specifically in reducing the number of collisions.
However, these positive effects did not extend to task
completion time, trajectory length, or trgjectory smoothness.
Contrary to our expectations, the introduction of the haptic
feedback device led to asignificant increasein task completion
time. Participants exhibited hesitancy in their walking behavior
when relying only on the haptic feedback device, as evidenced
by observable delays in reacting to stimuli. Such an outcome
diverged from our earlier work [42], where the haptic feedback
devicewasfound to reduce task completion time. This disparity
can be attributed to the increased difficulty and duration of the
obstacle avoidance task in this study as well as the distinct
walking modality used. In this experiment, participants
navigated a dynamic and complex urban environment, whereas
in our previous study, they traversed a simpler and smaller
outdoor environment using a controller. The prolonged task
completion time resulted in longer trajectories in response to
haptic feedback.

The spatial resolution of the haptic feedback device played a
crucia role in these findings, as the detailed environmental
information prompted participants to navigate cautioudly,
resulting in intricate trgectories. Examining participants
movement behavior, we observed a significant reduction in the
entropy of the pitch angle of the head due to haptic feedback.
Just as participants moved more smoothly in the environment,
they also maintained a more constant and less variable head
orientation. However, the device did not affect the entropy of
the difference between the yaw angle of the head and the yaw
angle of the body. This result may be attributed to the spatial
information provided by the haptic feedback device, which
guided users based on their body orientation and prompted them
to reduce their vertical head movements.

We registered an effect of audio feedback on participants
navigation performance with respect to tragjectory smoothness.
Using audio feedback, participants were likely to favor straight
paths, as seen from reduced instances of halted movement and

https://rehab.jmir.org/2024/1/e55776

Ricci et d

a reduced tendency to course-correct during navigation.
Moreover, the design of the audio feedback system, which
alerted users to obstacles in their line of sight, may have
facilitated the exploration of the environment with just the
movement of their head. We did not register a variation in the
number of collisions, likely due to the modality used by the
audio feedback device for obstacle detection. In contrast to the
haptic feedback device, which detected obstacles using 10
vibrating actuators on the user’s abdomen, the audio feedback
device signaled the presence of obstacles in the user’s line of
sight through a distinctive beep sound emitted by the VR
headset. The lower spatial resolution of the audio feedback
device may have been less effective in aiding users to avoid
obstacles compared to the haptic feedback.

While not effective in reducing thetrajectory length alone, audio
feedback had a positive effect on haptic feedback in the form
of a significant interaction between the 2 modalities. In fact,
theincrease in trajectory length due to haptic feedback aloneis
mitigated by the concurrent use of audio feedback, thereby
suggesting that participants were able to leverage both
information cues and make informed decisions as they
negotiated haptic versus audio cues. However, a positive role
of combined feedback was not observed for al metrics, likely
due to the increased cognitive load resulting from the use of
both feedbacks. It is tenable that the delivery of multiple
feedback cues poses some difficulties in terms of assimilation
and requires a learning curve for users to adapt to new
approaches. In principle, this may be mitigated by increasing
the training time for users to become more proficient with
combined feedback. Overall, the combined use of audio and
haptic feedback enhances safety by facilitating informed
decision-making, and it contributes to travel efficiency by
addressing trajectory length and smoothness. This underscores
the potential of blending feedback modalities to optimize both
safety and travel efficiency.

Participants Feedback

The results of the questionnaire offer valuable insights into
participants’ experiences and preferences during the experiment.
The high engagement reported by 76% (55/72) of the
participants suggests that the multisensory feedback, comprising
both haptic and audio cues, contributed to an immersive and
captivating experience. Notably, only a minimal percentage of
participants (4/72, 6%) experienced nausea or motion sickness,
indicating that the implemented feedback modalities were well
tolerated. Participants’ perceptions of navigation performance
reveadled a preference for the combined haptic and audio
feedback condition, with 50% (36/72) of them believing that it
enhanced their performance. Participants emphasi zed that haptic
and audio cues offer distinct information. Many participants
note that having both types of feedback provides a more
complete and nuanced understanding of their surroundings,
aiding in better decision-making and spatial awareness. Finally,
others found the combination more intuitive, with haptic
feedback offering directional cuesand audio feedback providing
information on the proximity of obstacles. The preference for
both modalities suggests that, when used together, they
complement each other, addressing potential limitations or
confusion that might arise when using either haptic or audio
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feedback alone. Interestingly, the preferred condition did not
always align with perceived performance, highlighting the
complexity of user preferences. Finally, most of the participants
(42/72, 58%) found the overall experiment extremely interesting,
emphasizing the potential of multisensory, AT-integrated VR
systems in maintaining user engagement. These findings
underscore the importance of considering user preferences and
experiences when developing and refining multisensory ATS,
ensuring that future iterations are tailored to meet the needs of
individuals with visual impairments.

Limitations

Our study is not free of limitations with respect to the wearable
design, VR environment, and experimental approach.
Specifically, we identified the following 5 main limitations.

First, weused only 1 type of audio feedback. We cannot exclude
the possibility that other forms of audio feedback may have
different effects on our haptic feedback system. We chose this
particular design for the audio feedback after pilot trials because
it offered a straightforward and intuitive means for users to
access environmental information, aiding them in obstacle
avoidance. In the future, we plan to design experiments that
will involve the evaluation of auditory cuesindividually and in
combination to assess their impact on participants task
performance and overal user experience. Specificaly,
participantswill beimmersedin virtual environmentssimulating
crowded urban settings and real-world challenges, including
navigating through busy intersections, crossing streets safely,
and locating specific points of interest within the urban
environment. These tasks will provide valuable insights into
how different types of audio feedback can influence participants
navigation strategies, decision-making processes, and overall
spatial awarenessin crowded urban environments.

The second limitation pertains to simulating only the most
common symptoms of V1. While glaucoma is a prevaent eye
pathology and our methodology can be readily expanded to
other eye pathologies, we acknowledge the need for future
research to tackle a wider range of end users. Specifically, we
antici pate the devel opment of new systems, incorporating varied
forms of audio and haptic feedbacks and tested in diverse
conditions and with individuals experiencing different eye
pathologies. Testing our system on various types and forms of
V1 could provide more robust evidence, demonstrating broader
applicability to a diverse range of users.

The third limitation arises from the fact that, in the real world,
individuals would exercise caution in avoiding obstacles to
prevent injury. Thisinstinctive behavior may not befully present
in VR environments, where collisions do not result in any
negative consequences. Asaresult, participants might prioritize
completing the task quickly over minimizing the number of
collisions. One potential strategy to mitigate thisissue involves
introducing incentives, such as rewards, or placing cardboard
obstaclesin the environment to encourage participants to focus
more on avoiding obstacles rather than completing the
experiment quickly.

A fourth limitation is related to the number and placement of
actuators on the ETA used in the research. The current
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configuration of actuators was determined based on a practical
balance between providing enough information and avoiding
overwhelming users with excessive tactile stimuli. However,
the optimal arrangement and quantity of actuators may vary
among individuals, as sensory preferences and sensitivities can
differ widely. Recognizing this limitation, we acknowledge the
necessity of future investigations that explore alternative
configurations of actuatorson the ETA. Our upcoming research
plans include testing different numbers and arrangements of
actuatorsto identify an optimal solution that catersto the diverse
sensory needs of userswith V1. Thisiterative approach aimsto
enhance the user experience and effectiveness of the
multisensory, AT-integrated VR system, ensuring its adaptability
and usability across a broader spectrum of individuals with
varying preferences and sensitivities.

Finally, it is essential to acknowledge that our study only
involved healthy participants with simulated VI. Such an
experimental choice limitsthe direct applicability of our findings
to the broader community of individuals with VI and the
practical implication of the proposed ETA. At the same time,
our research provides valuable insights into the use of VR in
research disability and serves as an important preliminary step
inthe development of ATstailored to addressthe specific needs
of individuals with VI. Recognizing the significance of
simulating real-world challenges within the VR environment
for effective rehabilitation interventions, we will broaden our
research scope to encompass diverse neurological conditions.
In our upcoming studies, we plan to include individuals with
balance and neurological issues to further explore the
applicability of our multisensory AT solutionsin rehabilitation
settings. Doing so will undoubtedly enhance the clinical
relevance and generalizability of our findings, aligning with
our overarching goa of developing and validating tailored
interventions for various clinical populations.

Conclusions

AT for persons with VI plays a pivotal role in enhancing their
sensory perception and spatial awareness. These devices often
integrate a combination of auditory, haptic, and visual cuesto
provide comprehensive information about the surrounding
environment. However, most devices are designed without a
user-centered focus, often featuring complexities beyond
consumer necessity [62-64]. Research needs to hone
methodologies that better support consumer-oriented and
user-centered devices as well as test and evaluate them in
realistic scenarios while limiting safety issues and concernsfor
persons with V1. This holistic approach aims to bridge the gap
between theoretical advancements and practical applications,
ultimately enhancing the usability and impact of ETAs on the
lives of individuals with VI. Our multisensory, AT-integrated
VR system isafirst step in this direction that may enhance the
user's ability to interpret and interact with their surroundings.
Our synergistic approach facilitates safer mobility withimproved
travel efficiency and opens avenues for innovative applications
in areas such as education, training, and rehabilitation for
persons with VI.

In our forthcoming research, we aim to enhance and evaluate
our multisensory AT-integrated VR system for persons with
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VI. This endeavor will be guided by a comprehensive
methodology that encompasses various domains of knowledge
and caters to the diverse needs of the target population. Our
design process will take into account the wide spectrum of VI,
which ranges from low vision to total blindness, considering
the varying degrees of VI and potential additional impairments
such as hearing loss or peripheral neuropathy. In addition, we
will acknowledgethe diversity withinthe VI population in terms
of visual experience, spanning from congenital blindness to
acquired blindnesslater inlife, which can significantly influence
their interaction with ATs [65]. Central to our approach is
understanding user preferences, technological familiarity, and
motivation, as these factors are pivotal for the acceptance and
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experimental outcomes between the 2 groups, we aim to pinpoint
limitations associated with experiments performed solely on
healthy participants, particularly those related to sensory
compensation. In addition, this comparison will help identify
the behavioral traitsthat are preserved when experimenting with
healthy participants, providing vauable insights for the
development and optimization of our multisensory AT in
real-world clinical settings.

This study was supported by the National Science Foundation (CNS-1952180, DUE-2129076, ECCS-1928614, |1 TE-2236097,
and ITE-2345139). The authors would like to thank Christina Samuel, who helped with the recruitment of the participants and

the experiments.

Conflicts of Interest

JRR discloses conflicts of interest because of intellectual property owned by New York University, as well as related advisory
positions with equity and ad hoc compensation. In the future, the aforementioned project may relate to multicomponent wearable
technologies relevant to the stated interests. All other authors declare no other conflicts of interest.

Multimedia Appendix 1

A video showcasing the virtual reality environment used for evaluating the multisensory assistive technology outlined in this
study, providing the perspective of an individual with normal vision.
[MP4 File (MP4 Video), 19766 KB - rehab_v11i1€55776_appl.mp4 ]

Multimedia Appendix 2

A video displaying the virtua reality environment used to assess the multisensory assistive technology outlined in this study,
offering the perspective of an individual experiencing simulated symptoms of visual impairment.
[MP4 File (MP4 Video), 2724 KB - rehab v11i1€55776_app2.mp4 |

Multimedia Appendix 3

The questionnaire administered to participants through a Google form at the conclusion of the experiment.
[PDF File (Adobe PDF File), 81 KB - rehab v11i1€55776_app3.pdf |
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Abstract

Background: Cognitivefrailty isknown to be associated with both nutrition and cognitive training. However, effective treatments
that engage older adults with cognitive frailty in both the Mediterranean diet and cognitive training are lacking.

Objective: This study aims to examine the feasibility and preliminary effects of Gamified Home-Based Cognitive-Nultritional
(GAHOCON) on older adults with cognitive frailty, focusing on Mediterranean diet knowledge, adherence to the Mediterranean
diet, cognitive function, physical frailty, grip strength, walking speed, memory, and body composition.

Methods: This study applied a 2-center, assessor-blinded, 2-parallel-group, noninferiority, randomized controlled trial design.
Eligible participants were community-dwelling adults aged 60 years or older, living with cognitive frailty, and exhibiting poor
adherence to the Mediterranean diet. Participants were randomly assigned to the intervention or control group in a 1:1 ratio. In
theintervention group, participants received 4 weeks of center-based training (health education) followed by 8 weeks of home-based
training (GAHOCON). In the control group, participants received only the 4 weeks of center-based training and 8 weeks of
self-revision of health educational materials at home. During the intervention period, time spent by the participants and the levels
of difficulty completed by them weekly on GAHOCON were measured as markers of feasibility. The outcomes included
Mediterranean diet knowledge, adherence to the Mediterranean diet, cognitive function, physical frailty, grip strength, walking
speed, memory, and body composition. Data were collected at baseline (T0) and 1 week postintervention (T1). The Wilcoxon
signed rank test was used to examine within-group effects for the outcome variables in each group separately.

Results: A total of 25 participants were recruited, with 13 allocated to the intervention group and 12 to the control group. The
median cumulative minutes spent on GAHOCON training increased from 117 to 926 minutes. The median level of difficulty
completed for game 1 increased from level 14 to level 20, while for game 2, it increased from level 2 to level 24. After the
completion of the interventions, M editerranean diet knowledge was retained in the intervention group but significantly decreased
in the control group (r=—0.606, P=.04). Significant improvements were observed in the intervention group in Mediterranean diet
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adherence (r=—0.728, P=.009), cognitive function (r=—0.752, P=.007), physical frailty (r=—0.668, P=.02), and walking speed
(r=—0.587, P=.03), but no such improvements were seen in the control group.

Conclusions: GAHOCON isfeasible in engaging older adults with cognitive frailty to regularly participate in the intervention.
Preliminary evidence suggeststhat it can retain Mediterranean diet knowledge foll owing nutritional education, improve adherence
to the Mediterranean diet, and enhance global cognitive function, physical frailty, and walking speed. However, the difficulty of
the later levels of game 1 may be too high. Future studies should adjust the difficulty level of game 1. Additionally, trials with

larger sample sizes and longer follow-up periods are needed to confirm its effects.

Trial Registration:

Clinical Trials.gov NCT05207930; https://clinicaltrials.gov/ct2/show/NCT05207930

(JMIR Rehabil Assist Technol 2024;11:e60155) doi:10.2196/60155

KEYWORDS

cognitive frailty; gamification; health education; Mediterranean diet; home based; cognitive training; older adults; geriatric;
elderly; cognitivetraining; cognitive function; health education; intervention; nutritional education; cognitiveimpairment; dementia

Introduction

Background

Cognitive frailty refersto the co-occurrence of physical frailty
and cognitive impairment in the absence of dementia [1]. A
systematic review reported a pooled prevalence of cognitive
frailty of approximately 9%, with an increase from 6% during
2012-2017 to 11% during 2018-2020 [2]. Another systematic
review found that cognitive frailty is a predictor of all-cause
mortality and dementia [3]. People with cognitive frailty face
asignificantly higher risk of dementiaand other adverse health
outcomes (eg, mal nutrition) compared with healthy individuals,
as well as those with either mild cognitive impairment or
physical frailty alone [4,5]. Cognitive frailty has been reported
as areversible condition, with greater potential for reversal at
earlier stages[6].

Cognitive training refers to interventions designed to enhance
domain-specific cognitive functions through repeated practice
of theoretically driven skills and strategies [7]. Recently,
cognitive training has transitioned from face-to-face formatsto
computerized platforms, offering improved cost-effectiveness,
accessibility, and the ability to tailor content and difficulty levels
toindividual participants[8]. A systematic review reported that
computerized cognitive training has positive effects on global
cognitive function, memory, working memory, and executive
function [9]. However, unlike cognitive stimulation—which
engages individuals with cognitive deterioration in group
activities and discussions to enhance cognitive and social
functioning—or cognitive rehabilitation, which involves clients
and their family members in achieving personally meaningful
goals[10], most cognitivetraining content isnot directly linked
todaily living or overall quality of life[9]. For example, it often
includes activities such as puzzle games [11]. Higher
expectations of favorable effects are associated with increased
odds of participating in computerized cognitive training [12].
Meaningful training content that is understandable to participants
and relatable to their daily lives—for instance, tasks directly
linked to everyday activities such as food selection—plays a
crucia role in adherence to cognitive training. Thisis because
participants recognize that the training can enhance their daily
functioning, such asimproving their ability to make food choices
[13].

https://rehab.jmir.org/2024/1/e60155

The Mediterranean diet is a dietary pattern typical of Greece
and southern Italy in the 1960s. It emphasizes abundant plant
foods and olive oil as the primary source of fat, with dairy
products, fish, and poultry consumed in low to moderate
amounts; red meat in low amounts; and winein low to moderate
quantities. Evidence in the literature indicates that greater
adherence to the Mediterranean diet is associated with alower
risk of frailty in older adults [14-17], better global cognitive
function, and a slower decline in global cognitive function
among older adults without dementia [18]. The Mediterranean
diet isnot native to popul ations outside M editerranean countries.
Adherence to this diet may be influenced by factors such as
cognitive function, sociocultural background, motivation, and
lifestyle [19]. Evidence suggests that educational interventions
promoting the Mediterranean diet can enhance cognitive health
in cognitively healthy older adults [20]. However, the
effectiveness of such interventions may belimited in populations
unfamiliar with the M editerranean diet and those with cognitive
impairments.

Games engage and excite players, often fostering enjoyment
and immersion—key characteristics of intrinsically motivated
human behavior [21]. Gamification involves designing systems
that replicate the experiences and motivations of games to
influence users' behaviors [22]. It is widely recognized as an
effective approach to enhancing performance and motivation
in educational settings [23]. Recent studies have shown that
gamification has been successfully used and well accepted by
older adults to improve their adherence to interventions (eg,
cognitive training) and health behaviors (eg, physical activity)
[24-26]. Therefore, gamification holds significant potential to
engage older adultsin sustained adherence to the Mediterranean
diet through educational material revision and cognitivetraining.
This study hypothesizes that gamification could engage older
adults in participating in the Gamified Home-Based
Cognitive-Nutritional (GAHOCON) intervention. The cognitive
training component of GAHOCON may provide short-term
improvementsin cognitive function, whilethe dietary education
component can help sustain knowledge of the Mediterranean
diet through repeated revision of educational materials within
the gaming process. Asaresult, health behaviors (eg, adherence
to the Mediterranean diet) may be promoted, leading to
improved clinical outcomes (eg, cognitive function, reduced
frailty, physical performance). However, to date, no studies
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have examined the effects of a gamified program on promoting
engagement with the revision of Mediterranean dietary
educational materials and regular participation in meaningful
cognitive training (ie, including dietary education) at home
among older adults with cognitive frailty.

Objectives

The objectives of thispilot trial were to examine the feasibility
of the novel GAHOCON intervention, and compare the
preliminary effects of the GAHOCON intervention with
conventional health education on thefollowing clinical outcomes
in community-dwelling older adults with cognitive frailty: (1)
retention of Mediterranean diet knowledge after health
education, (2) adherenceto the Mediterranean diet, (3) cognitive
function, (4) physical frailty, (5) grip strength, (6) walking
speed, (7) memory, and (8) body composition.

The selection of outcomes was based on evidence in the
literature regarding the potential effects of dietary education on
the Mediterranean diet (ie, Mediterranean diet knowledge [27],
adherence to the Mediterranean diet [20], cognitive function
[20], physical frailty [14,16], grip strength [ 28], walking speed
[29], and body composition [28]) and cognitive training (ie,
cognitive function [7,9,25], memory [9]).

Textbox 1. Inclusion and exclusion criteria.

Kwan et al

Methods

Trial Design

This pilot study used a 2-center, assessor-blinded,
2-parallel-group, noninferiority, randomized controlled trial.
The CONSORT (Consolidated Standards of Reporting Trials)
2010 guideline was followed to report on this trial [30]. This
pilot trial was registered at ClinicalTrials.gov, with the last
update on January 26, 2022 (ClinicalTrids.gov ID
NCT05207930).

Participants

Participants were recruited from 2 community centersfor older
adults, which provide various services (eg, health education,
social and recreational activities) for community-dwelling
individuals aged 60 years or older [31]. The research team
created promotional materials, including flyers, and conducted
recruitment talks at the centers to recruit participants. Staff
members at the centers used the promotional flyers to invite
interested and potentially eligible membersto enroll in the study.
Upon referral by the staff members of the centers, a research
team member conducted eligibility screening at the centers. All
eligible members were invited to participate in the study. The
study’sinclusion criteria are presented in Textbox 1.

Inclusion criteria

o Aged 60 yearsor older.

«  Community-dwelling, as defined by living at home without residing in long-term care facilities (eg, nursing home) in the last 12 months.
«  Cognitive frailty, as defined by the coexistence of mild cognitive impairment and physical frailty [32]:

«  Mild cognitive impairment is defined by a Montreal Cognitive Assessment (MoCA) score of 25 or less and a Clinical Dementia Rating

score of 0.5[33,34].

« Physical frailty isdefined by a Fried Frailty Phenotype (FFP) score of 1 or higher [35].

«  Poor Mediterranean diet adherence, as defined by aMediterranean Diet Score (MDS) of lessthan 30.5 (ie, the mean MDS of community-dwelling

older adults reported in alocal study) [16,36].

«  Functionally independent in food preparation, as defined by a Lawton Instrumental Activities of Daily Living score of 15/18 or higher and a

subscore for meal preparation of 2/2 [37].

Exclusion criteria

« Diagnosis of dementia, as defined by the documentation of the diagnosis in the participant’s medical records.
«  Probable dementia, as defined by an MoCA score of 18 or less [33,38].

« Low vision (at least one eye with visual acuity <20/60 with corrective lenses, if available), as all the interventions are visual based.

Interventions

Overview

Two interventions were implemented, which are detailed in the
sections on the intervention group and control group. Apart
from the interventions described below, the research team did
not prohibit participants from engaging in any other activities
during the intervention period. Participants were instructed to
report any suspected adverse effects related to the intervention
to the research team through the interventionists or the older
adult center staff members as soon as they identified them.

https://rehab.jmir.org/2024/1/e60155

These events were recorded in a logbook maintained by a
research team member (ie, RY CK).

I ntervention Group

The intervention aimed to first provide health education to
participants regarding cognitive frailty, cognitive training, and
the Mediterranean diet. However, the knowledge gained from
health education may not be easily remembered or internalized
by older adults with cognitive frailty. Nonpurposeful cognitive
training may also face poor adherence, as evidence shows that
expectationstoward participating in the study predict adherence
to computer-based cognitive training [12]. By giving purpose
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to the cognitive training—through the revision of Mediterranean
diet educational content—the intervention sought to enhance
adherence to cognitive training, while also reinforcing
participants’ knowledge of the Mediterranean diet to improve
diet adherence.

As shown in Table 1, the intervention consisted of 2
components. (1) center-based training and (2) home-based
training. The center-based training included a 2-hour lecture on
the management of cognitive frailty, four 2-hour lectures (8
hours in total) on nutritional education regarding the
Mediterranean diet, and two 1-hour sessions of GAHOCON
technical training. The learning objectives of the health
education were (1) understanding the concepts of cognitive
frailty and its health implications, and (2) learning effective
lifestyle modificationsto mitigate cognitive frailty. Thelearning
objectives of the nutritional education on the Mediterranean
diet were 4-fold: (1) understanding the 11 types of food
classifications according to the Mediterranean diet [39], (2)

https://rehab.jmir.org/2024/1/e60155

Kwan et al

learning the 3-level classifications of food quality based on food
preparation methods, (3) understanding the principles of portion
exchange among foods within the same food category, and (4)
learning the principles of food combination according to the
Mediterranean diet. After completing the nutritional education,
participantswere provided with ahandout summarizing the key
points (Multimedia Appendix 1) from the four 2-hour lectures
on the Mediterranean diet. They wereinstructed to refer to this
handout as they practiced adhering to the Mediterranean diet.
The learning objective of the GAHOCON technical training is
to ensure participants can demonstrate the basic technical skills
necessary to begin using GAHOCON at home. This includes
turning on the tablet, connecting it to the internet, starting the
game, and performing basi c operations specific to the game (eg,
object selection, object dragging). The center-based training
wasdelivered during thefirst 4 weeks of theintervention, while
the home-based training took place during the following 8
weeks. The entire intervention lasted for 12 weeks.

JMIR Rehabil Assist Technol 2024 | vol. 11 | 60155 | p.67
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVETECHNOLOGIES Kwan et al
Table 1. Schedule of enrollment, intervention, and assessments.
Week 0 1 2 3 4 5 6 7 8 9 10 11 12 13
Enrollment
Eligibility screen, informed consent, 0 nAg2 N/A N/A - NA  N/A NA NA NA NA NA NA NA NA
and group alocation
I nterventions
GAHOCON
4-week center-based training N/A O N/A N/A NA NA NA NA NA NA NA NA NA NA
(week 1-4)
Week 1. One 2-hour health N/A NA O O N/A  N/A N/A NA NA NA NA NA NA NA
education session
Week 2-3: Four 2-hour nutri- N/A N/A N/A N/A O N/A N/A NA NA NA NA NA NA NA
tional education sessions
Week 4: two 1-hour GAHO- N/A N/A N/A N/A NA NA NA NA NA NA NA NA NA NA
CON technical training ses-
sions
8-week home-based training N/A  N/A NA NA NA 0O O O O ad a O a N/A
(week 5-12)
Dosage
30 minutes/day N/A  N/A NA NA NA NA NA NA NA NA NA NA NA NA
5 days/week N/A N/A NA NA NA NA NA NA NA NA NA NA NA NA
Control N/A O N/A N/A NA NA NA NA NA NA NA NA NA NA
4-week center-based training N/A NA O O N/A- N/A N/A NA NA NA NA NA NA NA
(week 1-4)
Week 1: One 2-hour health N/A N/A NA NA NA NA NA NA NA NA NA NA NA NA
education session
Week 2-3: Four 2-hour nutri- N/A N/A N/A N/A 0O O O O O O O ] d N/A
tional education sessions
8-week home-based self-revision
(week 5-12)
Data collection
Demographic O N/A N/A N/A NA NA NA NA NA NA NA NA NA NA
Feasibility variables N/A O d O O O O O O O O ] d N/A
Outcome variables N/A  N/A NA NA NA NA NA NA NA NA NA NA NA NA
Mediterranean diet knowledge N/A N/A NA NA NA NA NA NA NA NA NA NA NA NA
Mediterranean diet adherence N/A NA NA NA 0O N/A N/A NA NA NA NA NA NA O
Cognitive function O N/A- N/A N/A NA NA NA NA NA NA NA NA NA O
Grip strength O N/A  N/A NA NA NA NA NA NA NA NA NA NA 0O
Waking speed O N/A- N/A N/A NA NA NA NA NA NA NA NA NA O
Memory O N/A  N/A NA NA NA NA NA NA NA NA NA NA 0O
Verba fluency O N/A- N/A N/A NA NA NA NA NA NA NA NA NA O
Body composition O N/A  N/A NA NA NA NA NA NA NA NA NA NA 0O

8NI/A: not applicable.

GAHOCON was codeveloped by a team of hedth care
professionals, including nurse academics, clinical dieticians,
social workers, and computer scientists from Mindvivid, a
company specializing in developing computerized cognitive
training for older adults. GAHOCON iscompatible with tablets
running either iOS (Apple Inc.) or Android (Alphabet Inc.).

https://rehab.jmir.org/2024/1/e60155
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Two games, each focusing on different training objectives, were
developed, with each game containing 30 levels of increasing
difficulty (MultimediaAppendices 2 and 3). Thedifficulty level
progressively increased, requiring participants to deepen their
understanding of the Mediterranean diet and enhance their
related cognitive functions. Between game levels, a revision
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break provided written and graphical materials summarizing
the key points of the Mediterranean diet, aligned with the
learning objectives of the nutritional education and relevant to
the game content. Revising these materials helped participants
build proficiency, enabling them to advance through the game

Figure 1. In-game sample pictures.

Kwan et al

levelsmoreeasily, asillustrated in Figure 1A. To ensure cultural
relevance, the food images used in the GAHOCON game were
created by the research team, featuring foods commonly
available in local markets.

In game 1, as shown in Figure 1B, the game challenges
participants’ attention and understanding of the classification
of foods according to the Mediterranean diet (ie, learning
objective 1 of the nutritional education on the Mediterranean
diet). Food items, represented by pictures, enter from an opening
and travel along atrack. Asthey move, the items pass through
switches that guide them onto different tracks. Participants are
required to control the switches by tapping the relevant switch
on the tablet to change the direction of the food items on the
track. The goal of the game is to divert the food items to the
ports corresponding to the correct Mediterranean food class.
During the game, participants must focus their cognitive
function—particularly attention—to match the food items on
the track with the correct food class ports, which are labeled
with the corresponding food class name, all within a limited
time. If afood item on the track passes a port labeled with the
corresponding name, it will beinserted into thewrong port, and
the participant will not earn any points. Asthe game progresses,
the difficulty increases: the speed of the food items on the track
accelerates, the variety of food items expands, and the number
of food ports available for participants to divert the food items
into also increases. This progressively demands greater attention
from participants in order to correctly move the food items to
the right ports and score points.

In game 2, as shown in Figure 1C, the game challenges
participants memory and understanding of the 3-level
classifications of food quality according to food preparation
methods (learning objective 2 of the Mediterranean diet nutrition
education), the principles of portion exchange among foods
within the same food type (learning objective 3), and the
principles of food combination according to the Mediterranean
diet (learning objective 4). In game 2, the food items (in the
form of pictures) move along a reversible track. Participants
are required to select a list of foods, considering the ideal
amount, combination of food types, and food quality. During
the game, participants need to engage their cognitive functions,
particularly memory, to select the correct combination of foods
according to the principles of the Mediterranean diet. Thisis
because participants must remember their previous
selections—if they choose repeated items (due to forgetting
what they had aready selected), those itemswill not be scored.
Choosing repeated items prevents participants from advancing
to the next game level. As the game progresses, the difficulty

https://rehab.jmir.org/2024/1/e60155
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increases. the number of food items participants must select
grows, and the variety of food items on the track expands. This
increases the demand on memory function, as participants need
to select the best combination of foods without repeating their
choices to score points.

Evidence shows a positive dose-response rel ationship between
cognitive training and cognitive improvement. Specifically, 5-6
days of training, lasting 25-30 minutes per day, has demonstrated
significant cognitive improvement in older adults with mild
cognitive impairment, with effects observable in as little as 2
weeks [40]. Additionally, a study indicated that an 8-week
game-based M editerranean diet learning program was effective
in enhancing Mediterranean diet behaviors and global cognitive
function [41]. To balance effectiveness and efficiency,
participants were advised to engage in the GAHOCON
intervention (either game 1 or 2) at home for 30 minutes per
day, 5 days per week (ie, 150 minutes per week). The effects
were measured after 8 weeks of training (ie, from week 5 to
week 12). To ensure continuous participation, interventionists
encouraged adherence to the recommended dosage by sending
reminders, motivational messages, and emojis, and providing
technical support to the participants. All tele-supervision
measures were implemented via the digital communication
platform WhatsApp (Meta Platforms, Inc.). The WhatsApp
group consisted of 6-8 participants and was led by the
interventionists.

During theintervention period, participantswere provided with
atablet on loan to attend the GAHOCON training at home. To
prevent cross-group contamination, GAHOCON was not
publicly available for download, and each participant was
assigned a unique log-in ID, ensuring that the training could
only be accessed by participantsin theintervention group. After
completing the intervention, and at the participants request,
GAHOCON was downloaded onto their smartphones, allowing
them to continue the unfinished training at their discretion.

Although no adverse effects were reported in previous studies
evaluating similar interventions (eg, computer-based cognitive
training) [9,42,43], participants were instructed to report any
adverse effects they suspected to be related to this study. Upon
completion of the data collection at T1, participants in the
intervention group were interviewed about any adverse effects
related to GAHOCON experienced when returning their tablets
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to the research team. These reports were recorded in alogbook
by the research team leader (RY CK).

Control Group

Control Group Training and Independent L ear ning Protocol

Participantsin the control group attended the same center-based
training, which included a 2-hour lecture on health education
for managing cognitive frailty, and four 2-hour lectures (ie, 8
hoursintotal) on nutritional education about the M editerranean
diet, alongside participantsin theintervention group during the
first 3 weeks. Participants in the control group left the classin
the 4th week, as they did not need to attend the GAHOCON
technical training, as shown in Table 1. In the following 8
weeks, they wereinstructed to independently review the handout
summarizing the key points of the Mediterranean diet covered
in the four 2-hour lectures.

Outcomes

Data collection was conducted by trained research assistants,
who demonstrated 100% interrater reliability. All procedures
took place face-to-face at the older adult community center.
Datawere categorized into demographic and clinical variables,
as well as outcome variables. Demographic and outcome
variables were collected at baseline (T0). Mediterranean diet
knowledge was not assessed at baseline, as the study aimed to
examine knowledge retention following nutritional education.
Therefore, the baseline (T0) assessment of Mediterranean diet
knowledge was conducted after the nutritional education. All
outcome variableswere reassessed the week after the completion
of the intervention (T1).

Demographic Variables

Thefollowing were considered: age, number of chronicillnesses
as indicated by the Charlson Comorbidity Index [44], BMI,
gender, education level, marital status, and living status.

Feasibility Variables

To examine the feasibility of participants navigating the
progressively increasing difficulty levels of the game, thelevels
completed by participants (logged every Sunday during the

intervention period) were recorded by the GAHOCON app.
Both game 1 and game 2 consisted of 30 levels of difficulty.

To examine the feasibility of participants adherence to the
GAHOCON intervention, participants were instructed to fill
out an e-form sent via WhatsApp every Sunday, answering 2
questions: (1) “How many minutes, on average, did you play
GAHOCON in the past 7 days?’ and (2) “How many days did
you play GAHOCON in the past 7 days?’

Outcome Variables

Mediterranean diet knowledge was assessed using a
self-developed quiz, which consists of 20 multiple-choice
guestions designed to test participants understanding of the 4
learning objectives of nutritional education on the Mediterranean
diet. The questions were created by an interprofessional team,
including nursing academics and a dietitian. The quiz tested
participants’ understanding of the 4 |earning obj ectives covered
in the 8-hour training on the Mediterranean diet. One point was
awarded for each correct answer, with the total score ranging
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from O to 20. A higher score indicates a greater level of
knowledge about the M editerranean diet.

Mediterranean diet adherence was measured using the MDS
[36], developed based on the method of Trichopoulou and
colleagues [45]. The MDS includes 2 categories of items:
beneficial foods (ie, nonrefined cereals, potatoes, fruits,
vegetables, legumes, fish, and olive oil) and detrimental foods
(ie, red meat and products, poultry, full-fat dairy products, and
alcohal). Each MDS item is scored on a Likert scale from 0 to
5to reflect the frequency of consumption. Thetotal MDSisthe
sum of the 11 items, ranging from O to 55. A higher score
indicates better adherence to the Mediterranean diet. The MDS
has demonstrated good validity, showing a strong association
with plasma and dietary fatty acids [39], as well as
cardiovascular risks[36].

Cognitive function was measured using the MoCA. The MoCA
consists of 30 dichotomousitems, with 1 point awarded for each
correct answer. Thetotal MoCA scorerangesfrom 0to 30, with
ahigher score indicating better cognitive function. The MoCA
has demonstrated a strong correlation with the Mini-Mental
State Examination (r=0.90) and the Saint Louis Mental Status
Examination (r=0.83) [46], aswell asgood criterion validity in
detecting mild cognitive impairment [33].

Physical frailty was measured using the FFP [35]. The FFP
quantifies frailty based on 5 components: weight loss,
exhaustion, low physical activity, slow gait, and weakness. It
has been validated to show good predictive validity for the
incidence of major geriatric outcomesover 3-7 years, including
falls, worsening mobility, hospitalizations, and death (hazard
ratio 1.82-4.46) [35]. The FFP score ranges from 0 to 5, with 1
point assigned for the presence of each component. A higher
FFP score indicates a greater level of physical frailty.

Grip strength was measured using the handgrip strength of the
right hand, assessed with a Jamar dynamometer in kilograms.
The Jamar dynamometer demonstrates good within-instrument
reliability, with a high correlation of 0.82 for each instrument

[47].

Walking speed was measured using the 6-minute walk test
(BMWT). The 6BMWT showed a strong correlation with the
10-meter walk test (r=0.94) and was also strongly correlated
with other walking tests, including the 2-minute walk test,
6MWT, and 10-meter walk test (p=0.85-0.94). Additionaly, it
demonstrated excellent test-retest reliability (intraclass
correlation coefficient 0.91-0.98) and interrater reliability
(intraclass correlation coefficient 0.86-0.96) [48-50].

Memory was measured using the Fuld Object Memory
Evaluation (FOME) [51]. The FOME requires participants to
memorize and recall 10 objects 5 times, with a distraction task
between each recall. The retrieval score is the sum of the
recalled items across the 5 recall tests, ranging from 0 to 50
points. Participants are also asked to recall the 10 items again
20 minutes after completing the retrieval tests. The delayed
recall scoreisthe sum of the recalled items, ranging from O to
10, with ahigher scoreindicating better memory. Thedistraction
tests consist of 3 verbal fluency tasks, where participants are
asked to recall names of animals, vegetables, and fruits within
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aspecified time. The combined verbal fluency scoreisthe sum
of the items recalled across the 3 tasks, with a higher score
reflecting better verbal fluency. The FOME has been validated
in Hong Kong Chinese, demonstrating excellent test-retest
reliability and good discriminative power in distinguishing
dementia from normal cognitive function [52].

Body composition, including fat mass and skeletal muscle mass,
was measured using the InBody 770 body composition analyzer
(Biospace Inc.). This system uses an 8-point touch-sensitive
electrode system, segmented bioelectrical impedance analysis,
and multifrequency bioelectrical impedance analysis. The
InBody 770 has demonstrated good reliability and agreement
in measuring body composition when compared with
dual-energy X-ray absorptiometry [53].

Sample Size

No previous studies have reported the effects of an intervention
like the one examined in this study. This pilot randomized
controlled tria primarily aimed to estimate preliminary effects
for the purpose of sample size estimation for a full-powered
randomized controlled trial. Consequently, a precision sample
size estimation method was not used. Literature suggests that
a group size of 10-15 participants provides reasonable
bias-corrected estimates for a pilot study aimed at estimating
the effect size in a full-powered trial with medium to large
effects [54]. Therefore, we aimed to recruit 25 participants,
accounting for the 2 groups.

Randomization

Permuted block randomization with block sizes of 8 and a 1:1
allocation ratio was used. A random allocation sequence was
generated using the random function in Microsoft Excel, with
each random number assigned agroup label (ie, 1=intervention
and 2=control). The generated numbers were then ranked from
highest to lowest, and this process was repeated until the
required number of participants (N=25) was reached for the
random allocation sequence. Anindependent research assistant,
who was not involved in any other aspect of the study, generated
and maintained the random allocation sequence list. This
assistant assigned group labels to participants based on the
sequence of their entries, using the random all ocation sequence
list to ensure that therest of the research team remained unaware
of the group assignments.

Blinding

Blinding of group labels was applied only to the outcome
assessors. Outcome assessments were carried out by ateam of
trained research assi stantswho were blinded to the group labels
and did not participate in any other part of the study. The group
labels were not blinded for either the participants or the
interventionists.

Statistical M ethods

Demographic and outcome datawere described as medianswith
IQRs or frequencies with percentages and were compared
between groups using the Mann-Whitney U test and Pearson
chi-square test, depending on the level of measurement.

For objective 1, the weekly time spent on GAHOCON training
during the home-based training period was described as the
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median cumulative minutes. The levels of difficulty achieved
by the participantsin the GAHOCON training each week during
the home-based training period were also described by the
median.

For objective 2, due to the small sample size, nonparametric
testswere used to assess the preliminary effects. The Wilcoxon
signed rank test was applied to examine within-group effects
for continuous outcome variables in each group separately.

Wilcoxon effect sizer (r=2/N°®) was cal cul ated to compare the
effect size of each outcome between the 2 groups [55]. Missing
data at T1 were handled using the last-value-carried-forward
method. The level of significance was set a 0.05. An
intention-to-treat analysis was conducted to interpret the
hypothesis on the treatment effects [56].

Ethical Considerations

The research protocol was reviewed and approved by the
Ingtitutional Review Board of The Hong Kong Polytechnic
University (reference number HSEARS20211108005). Before
data collection, all participants received detailed information
about the study’s purpose, procedures, and their rights. Written
infformed consent was obtained from each participant,
emphasizing their voluntary participation and the right to
withdraw at any time without penalty. Participants’ identities
were protected by assigning unique identifiersto each data set.
Personal information was stored separately from research data
and was accessible only to authorized research team members.
Participation was completely voluntary, and participants were
not compensated. The data collected were used solely for the
purposes outlined in the study and were not shared with third
parties. Results were reported in aggregate form to prevent the
identification of individual participants.

Results

Participant Flow

Participants were recruited from 2 community centersfor older
adultsin Hong Kong. The study was conducted from February
1, 2023, to September 30, 2023. The trial concluded once the
target number of participantswasrecruited, and theintervention
and data collection were completed as planned. As shown in
Figure 2, 53 older adults enrolled in the study and completed
the eligibility assessment. Of these, 28 were excluded: 26 were
ineligible, 1 chose not to participate due to a recent diagnosis,
and 1 declined after gaining abetter understanding of the study.
A total of 25 participants joined the study (recruitment rate
47%) and were randomly allocated to either the intervention
group (n=13) or the control group (n=12). All participants
received their allocated interventions. However, 1 participant
in the intervention group was lost to follow-up due to passing
away during the intervention period. Additionally, data were
missing for 4 participants in the control group regarding recall,
delayed recall, and combined verbal fluency tests at baseline.
The FOME tests for these 4 participants were not performed
dueto ashortened assessment time caused by unforeseen events
at the older adult community center. The data from the
participants who passed away at T1 were lost. Data from all
remaining participants (n=25), including those with imputed
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missing values, were analyzed. See the completed CONSORT 2010 checklist presented as Multimedia Appendix 4 [30,57].

Figure 2. Participant flowchart.

Enrollment Assessed for eligibility (n=53) Excluded (28)
*  Not meeting inclusion criteria (n=26)
* Eligible but declined to participate (n=2)
*  Newly diagnosed cancer (n=1)
Y « Not interested (n=1)

Randomized (n=25)

I

|

Allocated to intervention (n=13)
Received allocated intervention (n=13)
Did not receive allocated intervention (n=0)

Allocation l

Allocated to control (n=12)
* Received allocated intervention (n=12)
* Did not receive allocated intervention (n=0)

¥

Lost to follow-up (n=1)
Death (n=1)

Follow-up Y

Lost to follow-up (n=0)

Discontinued intervention (n=0)

4

Analyzed (n=13)

Analysis

| I Analyzed (n=12)

Basaline Data

At baseline, as shown in Table 2, the participants had amedian - 6MWT completion time, 5.0 seconds, FOME-Retrieval score,
ageof 70.0 yearsand amedian BMI of 22.7 kg/m? Themajority ~ 44.0; FOME-Delayed Recall score, 9.0; FOME Combined
were female (18/25, 72%), had no chronic illnesses (15/25, Verbal Fluency score, 34.0; fat mass, 17.4 kg; and skeletal
60%), had attained secondary school education (13/25, 52%), muscle mass, 21.7 kg. There were no statistically significant
were married (15/25, 60%), and were living with others (17/25,  differences between the intervention and control groups at
68%0). For the outcome variables, the participants’ medianscores  baseline for any of these variables (Table 2).
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Table 2. Demographic and outcome variables at baseline.
Variables All (N=25)

Intervention (n=13) Control (n=12) P value

Demographic variables

Age (years), median (IQR) 70.0 (62.0-76.5) 74.0 (62.5-80.0) 68.5 (62.0-74.0) .29
Number of chronicillnesses, n (%) .57
0 15 (60) 8(62) 7(58.3)
1-2 9(36) 4(31) 4(33.3)
>2 1(4) 1(8) 1(8.3)
BMI (kg/m?), median (IQR) 227 (20.2-25.8) 21.9(20.5-25.4) 23,6 (20.1-27.5) 69
Gender, n (%) 22
Male 7(28) 5(38) 2(16.7)
Female 18 (72) 8(62) 10
(83.3)
Education level, n (%) .29
Tertiary 4(16) 3(23) 1(8.3)
Secondary 13 (52) 6 (46) 7 (58.3)
Primary 6 (24) 2(15) 4(33.3)
No education 2(8) 2(15) 0(0)
Marital status, n (%) .38
Unmarried 3(12) 1(8) 2(16.7)
Married 15 (60) 9(69) 6 (50.0)
Divorced 2(8) 0(0) 2(16.7)
Widowed 5 (20) 3(23) 2(16.7)
Living status, n (%) .26
Liveaone 8(32) 2(15) 6 (50.0)
Live with others 17 (68) 11 (85) 6 (50.0)
Outcome variables
Mediterranean diet knowledge (Mediterranean diet quiz), 15.0 (12.0-16.0) 14.5(12.0-16.8) 15.0 (11.0-16.0) >.99
median (IQR)
Mediterranean Diet adherence (Mediterranean Diet 25.0 (21.0-27.0) 26.0 (21.5-27.5) 24.0 (19.5-27.0) 50
Score), median (IQR)
Cogpnitive function (Montreal Cognitive Assessment), 23.0 (21.0-25.0) 24.0 (21.0-25.0) 23.0 (21.0-25.0) .69
median (IQR)
Physical frailty (Fried Frailty Phenotype), median (IQR) 2.0 (1.0-3.0) 2.0(2.0-35) 2.0(1.0-2.0 .06
Grip strength (kg), median (IQR) 15.5 (13.0-18.0) 15.9 (14.5-18.0) 14.3(8.9-18.6) A1
Walking speed (seconds; 6-meter walk test), median 5.0 (4.0-6.8) 5.6 (4.1-7.3) 4.8 (4.0-5.8) 44
(IQR)
Memory, median (IQR)
Fuld Object Memory Evaluation-Retrieval 44.0 (38.5-45.0) 44.0 (31.5-46.0) 45.0 (41.3-45.0) .65
Fuld Object Memory Evaluation-Delayed Recal 9.0 (8.5-10.0) 10.0 (7.0-10.0) 9.0 (9.0-10.0) 81
Verbal fluency, median (IQR)
Fuld Object Memory Evaluation-Combined Verbal  34.0 (31.5-40.5) 35.0 (31.0-44.5) 32.0(32.0-38.8) .35
Fluency
Body composition, median (IQR)
Fat mass (kg) 17.4(13.8-22.9) 16.2 (14.4-23.7) 17.7 (12.8-23.1) 98
Skeletal muscle mass (kg) 21.7 (18.3-24.7) 21.9(18.1-24.7) 21.0 (18.7-25.3) 98
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Feasibility Markers

As shown in Figure 3A, in the intervention group, the median
cumulative minutes spent playing GAHOCON per participant
increased from 117 minutesin week 1 to 926 minutesin week

Kwan et al

8. As shown in Figure 3B, the median game level attained in
game1rosefromlevel 14inweek 1, peaked at level 20in week
5, and remained stable through week 8. Asshown in Figure 3C,
the median game level attained in game 2 increased from level
2inweek 1tolevel 24 in week 8, with no sign of leveling off.

Figure 3. Engagement in the GAHOCON (Gamified Home-Based Cognitive-Nutritional) intervention.

Game 1

Median accumulative minutes playing
GAHOCON

Preliminary Effects

As shown in Table 3, the median score of Mediterranean diet
knowledge in the control group decreased significantly from
150 (IQR 11.0-16.0) at TO to 125 (IQR 7.0-14.8) a T1
(r=—0.606, P=.04). By contrast, the change in the intervention
group from TO to T1 was not statistically significant, with a
much smaller effect (r=—0.182, P=.51). The median MDS in
the intervention group increased significantly from 26.0 (IQR
21.5-27.5) a TO to 31.0 (IQR 27.3-34.0) at T1 (r=—0.728,
P=.009), whereas the change in the control group from TO to
T1wasnot statistically significant (r=—0.398, P=.17). Similarly,
the median MoCA score in the intervention group increased
significantly from 24.0 (IQR 21.0-25.0) at TO to 25.0 (IQR
24.5-28.5) at T1 (r=-0.752, P=.007), while the change in the
control group from TOto T1 did not show statistical significance
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Median game level

Game 2: Median game level

21

(r=—0.502, P=.08). The median FFP score in the intervention
group decreased significantly from 2.0 (IQR 2.0-3.5) at TO to
1.5(IQR0.5-2.0) at T1 (r=—0.668, P=.02), whereas the change
in the control group from TO to T1 did not show statistical
significance (r=—0.567, P=.59). The median 6BMWT completion
time in the intervention group decreased significantly from 5.6
(IQR 4.1-7.3) at TO to 4.5 (IQR 4.0-5.9) a T1 (r=-0.587,
P=.03), while the change in the control group from TO to T1
did not show statistical significance (r=—0.158, P=.58). There
were no statistically significant changesin grip strength, memory
(both FOME-Retrieval and FOME-Delayed Recall scores),
verbal fluency, fat mass, or skeletal muscle mass in either the
intervention group or the control group from TO to TL1.
Throughout the study period, no untoward effectswere reported
by participants or older adult community center staff.
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Table 3. Outcome estimates.

Kwan et al

Outcomes and groups TO, median (IQR) T1, median (IQR) P value r
Mediterranean diet knowledge
(Mediterranean diet quiz)
I ntervention group 14.5 (12.0-16.8) 15.0(11.0-17.5) 51 -0.182
Control group 15.0 (11.0-16.0) 12.5(7.0-14.8) 042 —0.606
Mediterranean diet (M editer-
ranean Diet Score)
Intervention group 26.0 (21.5-27.5) 31.0(27.3-34.0) 009% -0.728
Control group 24.0 (19.5-27.0) 29.0 (23.3-30.0) a7 -0.398
Cognitive function (Montreal
Cognitive Assessment)
I ntervention group 24.0 (21.0-25.0) 25.0 (24.5-28.5) 0072 -0.752
Control group 23.0(21.0-25.0) 24.0 (22.5-26.0) .08 -0.502
Physical frailty (Fried Frailty
Phenotype)
I ntervention group 2.0(2.0-35) 15(0.5-2.0) 022 —0.668
Control group 2.0(1.0-2.0) 1.0(0.3-2.8) .59 -0.567
Grip strength (kg)
I ntervention group 15.9 (14.5-18.0) 19.2 (14.2-24.4) .06 -0.514
Control group 14.3 (8.9-18.6) 17.8 (15.4-19.9) 05 -0.567
Walking speed (seconds; 6-meter
walk test)
I ntervention group 5.6 (4.1-7.3) 45 (4.0-5.9) 032 -0.587
Control group 4.8 (4.0-5.8) 4.8 (4.1-7.5) .58 -0.158
Memory (Fuld Object Memory
Evaluation-Retrieval)
Intervention group 44.0 (31.5-46.0) 46.0 (38.5-47.0) 21 -0.349
Control group 45.0 (41.3-45.0) 425 (34.3-45.0) .26 -0.158
Memory (Fuld Object Memory
Evaluation-Delayed recall)
Intervention group 10.0 (7.0-10.0) 10.0 (9.3-10.0) a7 -0.382
Control group 9.0(9.0-10.0) 10.0(8.0-10.0) >.99 <0.001
Verbal fluency (Fuld Object
Memory Evaluation-Combined
verbal fluency)
I ntervention group 35.0 (31.0-44.5) 34.0 (28.0-40.5) .81 -0.068
Control group 32.0(32.0-38.8) 37.0(31.5-38.8) 13 -0.441
Body composition (kg; fat mass)
Intervention group 16.2 (14.4-23.7) 18.0 (13.4-22.0) 42 -0.223
Control group 17.7 (12.8-23.1) 18.1(13.4-21.0) .78 -0.079
Body composition (kg; skeletal
muscle mass)
Intervention group 21.9(18.1-24.7) 22.6 (20.2-24.6) 16 -0.388
Control group 21.0(18.7-25.3) 20.6 (19.3-21.4) 27 -0.317

3p< 05,
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Harms

No adverse effectswere reported by participants, either directly
during the intervention period or in the postintervention
interview regarding any potential adverse effects.

Discussion

Strengths

To the best of the authors knowledge, this is the first
intervention of its kind, combining health education with a
gamified training program that incorporates 2 therapeutic
modalities (ie, Mediterranean diet education and cognitive
training) for older adults with cognitive frailty to engage in at
home.

Principal Findings

Thekey findings are 3-fold. First, the GAHOCON intervention
was feasiblein engaging older adultswith cognitivefrailty, who
participated continuously throughout the intervention period.
They demonstrated steady progress in increasing the levels of
difficulty, and the program was well accepted by the
participants, with no cases of intentional dropout. Second,
GAHOCON was more effective in retaining M editerranean diet
knowledge taught during the health education sessions, and it
also resulted in improved adherence to the Mediterranean diet
compared with providing written revision materialsalone. Third,
GAHOCON showed positive clinical outcomes, including
improvements in cognitive function, physical frailty, and
walking speed.

Interpretation and Generalizability

Participants generally engaged regularly with GAHOCON
throughout the 8-week intervention, with the time spent each
week remaining consistent, even in thefinal week. Thisfinding
aligns with a systematic review suggesting that gamification
positively influences adherence [58]. Moreover, this study is
thefirst to demonstrate that gamification can sustain adherence
to computerized cognitive training combined with Mediterranean
diet education in older adults with cognitive frailty. Future
studies should rigorously compare the adherence rates between
gamified and nongamified cognitivetraining. Additionally, this
study applied an arbitrary approach to gamified training, asthe
framework of gamification in eHealth and its impact on
improving health outcomes remains poorly understood [59].
Further research is needed to identify effective gamification
strategies for engaging older adults with cognitive frailty in
training.

In game 1, most participants were unable to progress beyond
level 20, which may suggest that the difficulty level after this
point was too challenging for them. By contrast, in game 2,
most participants continued to advance to higher levels, with
no plateau in progress by week 8. This may indicate that the
difficulty level of game 2 was more appropriate for the
participants. In future studies, game 1 should be adjusted to
better accommodate participants, particularly in terms of
difficulty after level 20. To refine the difficulty level, further
research should explore the factors that may limit participants
progress, such as cognition-related challenges (eg, insufficient
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attention) or difficultiesrelated to Mediterranean diet knowledge
(eg, lack of familiarity with the Mediterranean diet).

GAHOCON preliminarily demonstrated effectiveness in
retaining Mediterranean diet knowledge following health
education. Previous studies have also shown that gamification
positively impacts knowledge retention, particularly in the
education of younger individuals [60]. Additionally, evidence
supports that technol ogy-enhanced educational tools, such as
virtual reality, can improve patients satisfaction, knowledge,
and understanding of patient education. Although other methods,
such as the teach-back technique, have proven effective in
enhancing knowledge retention among patients and leading to
better health outcomes[61], teach-back may be challenging for
older adults with cognitive impairment. By contrast, revising
health knowledge through a technology-enhanced gamified
program not only helped retain healthy diet knowledge but also
provided enjoyment and excitement. Further studies should
explore participants experiences with GAHOCON, a
technology-assisted and gamified educationa approach.
Understanding their experiences will be crucia for further
refining the intervention.

This study provides preliminary evidence that 8 weeks of
GAHOCON training can lead to beneficial health outcomes.
The retention of Mediterranean diet knowledge, coupled with
a significant improvement in Mediterranean diet adherence,
suggeststhat knowledge retention playsakey rolein influencing
health behaviors. It is well established that higher levels of
health knowledge are positively associated with improved health
behaviors[62]. However, providing booster educational training
can be costly due to the involvement of human resources. This
study showed that merely providing reading materials may not
be effective in sustaining health knowledge 8 weeks after health
education in older adults with cognitive frailty. By contrast,
offering gamified, home-based, self-paced, and tel e-supervised
training accessible on atablet could be an effective solution for
sustaining both Mediterranean diet knowledge and adherence.

Apart from theimprovement in adherence to the Mediterranean
diet, favorable clinical outcomeswere also observed, including
improved global cognitive function, reduced frailty, and
increased walking speed. However, no improvements were
noted in body composition or domain-specific cognitive
functions. These findings are consistent with previous research
showing that computerized cognitive training effectively
promotes cognitive functionsin ol der adults with mild cognitive
impairment [9]. However, most of the literature consists of
observational studies demonstrating an association between
adherenceto the Mediterranean diet and reduced frailty [14,15].
While evidence from a randomized controlled trial suggests
that Mediterranean diet interventions can improve cognitive
function [20], randomized controlled trial s examining the effects
of such interventions on frailty remain scarce. This study isthe
first of itskind to provide preliminary evidence that a 12-week
cognitive-nutritional intervention may reduce frailty. This
proof-of-concept trial supportsthe potential of the Mediterranean
diet-integrated GAHOCON training program to achieve
favorable clinical outcomes, in addition to improving
Mediterranean diet knowledge retention and adherence. Further
studies with larger sample sizes and longer follow-up periods

JMIR Rehabil Assist Technol 2024 | vol. 11 | 60155 | p.76
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

are needed to confirm the effects of GAHOCON on global
cognitive function, frailty, and walking speed.

Limitations

This study has several limitations. First, the small sasmple size
limits the ability to confidently confirm the effects of the
intervention. With the given sample size, interaction effects
between time and intervention groups could not be determined.
Second, there were missing baseline data for 4 control group
participants on recall, delayed recall, and the combined verbal
fluency test outcomes. The missing data for these variablesin
the control group may undermine confidence in the associated
effects. Third, although the intervention group showed a
statistically significant improvement in physical frailty, the
effect size was comparable to that of the control group.
Theoretically, increased adherence to the Mediterranean diet
over a short period (ie, 12 weeks) may not be sufficient to
improve physical frailty. This could be due to the potential
effectiveness of other short-term lifestyle modifications, such
asincreased protein intake and physical activity (learned through
health education), in improving frailty over similar durations
(ie, 12-24 weeks) [63]. A longer follow-up period is needed to
assess the potential added benefits of prolonged adherence to
the Mediterranean diet compared with health education on other
lifestyle modifications. Fourth, adherence to the M editerranean
diet was measured using a self-reported questionnaire, which
may introduce bias. Although the same method was used for
both the intervention and control groups, and a significant
improvement was noted only in the intervention group, the
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improvement may have been influenced by a higher level of
knowledge about the Mediterranean diet in the intervention
group. This could have led participants to select answers that
aligned with the expectations of the research team (ie, social
desirability bias may have been more pronounced in the
intervention group, asthey were morelikely to provide socially
desirable responses in the self-reported questionnaire) [64],
rather than reflecting actual adherenceto aMediterranean dietary
pattern. The effect of the intervention in improving adherence
to the Mediterranean diet should be interpreted with caution
dueto thislimitation. Future studies may consider incorporating
objective methods to measure Mediterranean diet adherence
(eg, image-based dietary assessment methods) [65]. Finaly,
Mediterranean diet knowledge was not assessed at baseline, as
the study aimed to examine knowledge retention following
nutritional education.

Conclusions

GAHOCON isfeasiblein engaging older peoplewith cognitive
frailty to attend theintervention regularly. Preliminary evidence
also showed that it could retain Mediterranean diet knowledge
after nutritional education; improve adherence to the
Mediterranean diet; and improve global cognitive function,
physical frailty, and walking speed. However, the difficulty of
the later levels of game 1 might be too high. Further studies
should adjust the level of difficulty of game 1. Trials with a
large sample and a longer follow-up period are needed to
confirm its effects.
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Multimedia Appendix 1
Between-levels Mediterranean diet revision key points (texts are translated to English).
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Multimedia Appendix 2
Game 1 (texts are translated to English).
[PNG File, 587 KB - rehab_v11i1e60155 app2.png ]

Multimedia Appendix 3
Game 2 (texts are translated to English).
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Multimedia Appendix 4
CONSORT (Consolidated Standards of Reporting Trials) checklist.
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Abstract

Background: The Box and Block Test (BBT) isaclinical tool used to measure hand dexterity, which is often used for tracking
disease progression or the effectiveness of therapy, particularly benefiting older adults and those with neurological conditions.
Digitizing the measurement of hand function may enhance the quality of data collection. We have developed and validated a
prototype that digitizes this test, known as the digital BBT (dBBT), which automatically measures time and determines and
displays the test result.

Objective: Thisstudy aimedto investigatetheclinical utility and usability of the newly developed dBBT and to collect suggestions
for future improvements.

Methods: A total of 4 occupational therapists participated in our study. To evaluate the clinical utility, we compared the dBBT
to the BBT across dimensions such as acceptance, portability, energy and effort, time, and costs. We observed therapists using
the dBBT as adexterity measurement tool and conducted a quantitative usability questionnaire using the System Usability Scale
(SUS), along with afocus group. Evaluative, structured, and qualitative content analysiswas used for the qualitative data, whereas
guantitative analysis was applied to questionnaire data. The qualitative and quantitative data were merged and analyzed using a
convergent mixed methods approach.

Results. Overdl, the results of the evaluative content analysis suggested that the dBBT had a better clinical utility than the
original BBT, with ratings of all collected participant statements for the dBBT being 45% (45/99) equal to, 48% (48/99) better
than, and 6% (6/99) lesser than the BBT. Particularly in the subcategories “acceptance,” “time required for evaluation,” and
“purchase costs,” the dBBT was rated as being better than the original BBT. The dBBT achieved a mean SUS score of 83 (95%
Cl 76-96). Additionally, several suggested changes to the system were identified.

Conclusions: The study demonstrated an overall positive evaluation of the clinical utility and usability of the dBBT. Valuable
insights were gathered for future system iterations. These pioneering results highlight the potential of digitizing hand dexterity
assessments.

Trial Registration: Open Science Framework qv2d9; https.//osf.io/qv2d9

(JMIR Rehabil Assist Technol 2024;11:€54939) doi:10.2196/54939

KEYWORDS
assessment; clinical utility; digital Box and Block Test; dBBT; hand dexterity; dexterity; usability

: The Box and Block Test (BBT) isawidely used assessment for
Introduction measuring hand dexterity, acrucial aspect of hand function [3].
Hand function is crucial for performing al activities of daily ~1he original BBT comprises a wooden box with a raised
living [1]. Accidents, injuries, or diseases can lead to limitations  Partition at the center (see Figure 1A). The objective is to
in hand function, which need to be assessed in the health care transfer as many blocks as possible from 1 side of the partition
setting. Hand assessment involves a systematic evaluation to to the other within a60-second time frame[4]. This assessment,

quantify and assess the quality of a person’s hand function [2].  Initsunaltered format, has been used for decades, predominantly
in clinical settings, to quantify gross manual dexterity [5].
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Figurel. (A) Theoriginal Box and Block Test and (B) the digital Box and Block Test.
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In recent times, several projects have focused on digitizing the
BBT toimprove the quality of collected datathrough automated
measurement processes 6] or to enable cost-effective home use
[7]. Technologies such as depth cameras [ 8], sensor wristbands
[9], and infrared sensors [10] have been used to monitor hand
and block movements, providing detailed dataon hand dexterity,
including kinematic movement profiles[11]. Virtual adaptations
of the BBT use leap motion sensors [12], Microsoft Kinect
sensors[11,12], or virtual reality headset [3,13-16], eliminating
the need for physical BBT materials and offering cost-effective
aternatives that are suitable for home use. Additionally,
interactive haptic devices provide tactile and force feedback in
avirtual environment, aiding in motor function recovery [7].

However, although the advancements offer various advantages,
they also present severa drawbacks:

« Additional costs: Implementing these advancements can
be costly due to the need for extra technologies such as
computers, cameras, sensors, and specialized software.

« Additional knowledge: Using technical devices requires
extra knowledge, both in operating the systems and
managing the increased amount of collected data.

« Increased preparation time: Testers and patients need
training before using these methods to ensure the correct
handling of the necessary equipment.

« Impactonclinica utility: These new developments sacrifice
the simplicity and speed of test performance offered by the
original BBT measurement method, potentialy affecting
their usefulnessin clinical settings. However, little attention
has been paid to this aspect in previous studies [11].

We have therefore developed the digital BBT (dBBT) with the
aim of preservingitsclinical utility [17]. Thisdigital adaptation
maintains the structural and form aspects of the origina BBT
whileincorporating automated functionsfor time measurement,
cube counting (see Figure 1B), and failure detection. The
psychometric properties, including validity, test-retest reliability,
and interrater reliability, of the dBBT have been previously
examined in a separate study [17]. In addition to validity and
reliability, clinical relevance is determined by clinical utility
and usability. Hence, this study is focused on assessing the
clinical utility and usability of the newly developed dBBT.

When introducing new technology or systems in health care,
demonstrating clinical utility isessential. Although widely used,

https://rehab.jmir.org/2024/1/€54939
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the term “clinical utility” lacks a formal definition [18]. It is
used in evaluating clinical effectiveness [19], as well as in
economic assessments of costs, benefits, and effectiveness[20].
First et a [21] defineit asthe degree to which asystem aidsin
various clinical functions. However, this definition overlooks
practical, nonclinical concerns.

Simply being valid and reliable does not guarantee clinical
usefulness. For instance, therapists may avoid using atest if it
is time-consuming or overly complex [22]. Therefore, a
comprehensive definition of clinical utility should encompass
aspects such as therapist time and ease of use, as outlined by
Fawcett [ 23]. Fawcett’skey dimensions of clinical utility include
acceptance, portability, energy and effort, time, and cost.

A usability test is a method of evaluating how user-friendly or
intuitiveaproduct is. It involves representative users performing
a specific task with the product. Usability tests can be used to
identify usability problems, collect data, and determine
satisfaction with a product. The System Usability Scale (SUS)
isawidely used scal e to quantify the usability of many software
and hardware products[24]. The SUSwasthus selected for this
study.

The objective of this study was to evaluate the clinical utility
and usability of the dBBT among occupational therapists, who
are prospective users. Additionally, the study sought to identify
potential areas for future system enhancements.

Methods

Participants

The BBT protocol requires a therapist to perform the hand
function measurements [5]. Therefore, occupational therapists
were sel ected asthetarget group for thisevaluation. Recruitment
took place at the University of Applied Sciences Campus
Vienna, with initial outreach conducted by lecturers of the
occupational therapy program. Interested individualswerethen
contacted and provided with study details via email. Inclusion
criteria encompassed individuals who (1) were member of the
occupational therapy professional group, (2) have practical
experience with the original BBT, (3) were at least 18 years
old, and (4) have practical experiencein thefield of occupational
therapy and with the BBT.
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A total of 4 occupational therapists were recruited. For focus
groups, an optima group size of 4 to 6 participants is
recommended [25,26], whereas a minimum of 3 suffices for
usability studies[27]. Therefore, agroup size of 4 participants
was considered adeguate for this study.

Ethical Consider ations

The study protocol was conducted in accordance with the
Declaration of Helsinki and was approved by the ethics
committee (EK Nr 97/2022) of the University of Applied
Sciences Campus Vienna. All participants provided written
informed consent prior to participation.

Prochaska & Ammenwerth

Study Design

The Consolidated Criteria for Reporting Qualitative Research
(COREQ) checklist [28] was used for planning, conducting,
and reporting this study. This study has been registered on the
Open Science Framework [29]. We adopted a mixed methods
approach, blending quantitative and qualitative data collection
and analysiswithin asingle study [30]. Combining quantitative
and qualitative methods typically offers afuller perspective on
the research problem [31]. This study used a convergent mixed
methods design, as depicted in Figure 2.

Figure 2. Overview of the mixed methods study design. SUS: System Usability Scale.

System use
observations

SUS: usability
questionnaire

’ ‘ Focus group

Merging
the results

All data collection was overseen by a single researcher (EP),
who has been specializing in medical informatics since 2016.
The researcher has collaborated with the occupational therapy
department on various projects, including the development and
ongoing enhancement of the dBBT. Importantly, participants
in this study had no prior persona acquaintance with the
researcher before recruitment.

The study took place in a laboratory situated at the University
of Applied Sciences Campus Vienna, chosen to control for
potential confounding variables and enhance result validity.
The selection of the study setting was carefully deliberated and
considered during implementation.

Data Collection and Analysis

Overview

All data collection and analysis were conducted by a single
researcher, with input from a second researcher during theinitial

https://rehab jmir.org/2024/1/654939

coding phase of the data. Data processing and analysis were
carried out using MAXQDA 2022 (VERBI GmbH).

For qualitative data, including those from observations and
focus groups, an evaluative qualitative content analysis was
used [32,33]. This method assessed, classified, and evaluated
content, akin to acontent-structuring qualitative content analysis.
However, in an evaluative content analysis, additional categories
are generated to allow researchers to rate the material on the
selected dimensions[33-35]. In thisresearch, these assessment
dimensions were defined as being less than, equal to, or better
than the original BBT measurement instrument. The predefined
coding categoriesin the content analysis process were grounded
in5key dimensionsof clinical utility. Subcategoriesand guiding
guestions were subsequently developed for each dimension,
serving as the foundation for the observation studies and focus
group (see Table 1).
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Table. The dimensions and subcategories of clinica utility (adapted from Fawcett [23]).

Prochaska & Ammenwerth

Dimensions and subcategories

Description and guiding questions

Acceptance

Portability

Energy and effort

Time

Cost

Therapists

Stakeholders

Clients

Professionality

Face validity

Clarity of required components

Transportability

Physical exertion

Ease of test execution

Ease of learning

For learning test execution

For evaluation

For preparation

For execution

Ongoing costs

« Isthetest administrator (therapist) motivat-
ed to work with it?

«  Doesheor sheenjoy using the measurement
instrument?

« Isthetest accepted by clinic management,
lay observers, or relatives of clients?

« Isthetest acceptable to clients? Does the
test cause stress or test anxiety?

«  Doesthe client recognize the relevance of
the test?

« Doesthetest look professional?

«  Doesthe system appear valid? On the sur-
face, does it measure what it is supposed to
measure?

« Isiteasy to handlein terms of the number
of components required?

o  Can the assessment be transferred from 1
location to another with little effort?

«  How highisthe physical load for the test
administrator when performing the test?

«  For example, does the client need to be
physically supported?

« How easyisitto performthetest? Arethere
alarge number of tasks or extensive materi-
al that must be used?

« How easy isit to learn how to perform the
test?

«  How muchtimeisrequired to learn how to
administer and instruct clients on the test?

o How muchtimeisrequiredfor theinterpre-
tation of the test results?

«  How much timeis required to prepare the
test in order to perform the measurement
onaclient?

«  Themost obvioustime factor of ameasure-
ment procedure [23]

«  How much timeisrequired to perform the
test?

«  What ongoing costs areincurred for test
implementation? (software, test sheets, etc)
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Dimensions and subcategories

Description and guiding questions

Required training

Required qualifications

Purchase costs

«  Arefee-based training courses required for
the use of the test?

«  Arethereany specia qualificationsrequired
for test administration or the interpretation
of the test results?

«  Must the scoring be performed by specially
qualified persons?

«  Which costs are calculated for the acquisi-
tion of thetest, if necessary for manual and
test sheets?

System Use Observations

Theaim of these observationswasto evaluate the clinical utility
of the dBBT. Observations in general can provide important
real-time data on behavior [36]. The object of observation was
the use of the dBBT to measure hand dexterity by a therapist,
with another participant as the person to be tested. Each
occupational therapist completed the hand dexterity assessment
with the dBBT as a test administrator once, whereas another
participant took the role of the tested person. The exact
procedure was asfollows: following the standardized procedure
as defined for the original BBT [4], the test administrator read
the test instructions to the person to be tested and performed
the hand dexterity measurement once on the writing hand of
the tested person. The whole exercise session was observed by
the researcher, using the previously developed observation
guide.

Asthe observation sequencelasts only afew minutes (including
the start-up of the dBBT by the therapist, instruction of the
participant by the therapist, practice run following the test
protocol, and the actua dexterity test), there was limited time
for extensive note-taking. Therefore, the researcher opted for a
quantitative assessment of the observations. The following
aspects of the five dimensions of clinical utility were assessed,
which were directly observable and comparable to the original
BBT using a three-part scale of less than, equal to, or better
than: (1) time for preparation by the therapist, (2) time for
patient instruction by the therapist, and (3) time for the person
to betested to understand the test task. Further assessment points
covered possible application problems: (4) problems during
preparation (which ones, severity, and consequences), (5)
problems during implementation (which ones, severity, and
consequences), and (6) open questions from the therapist (see
Multimedia Appendix 1).

Each session was video recorded using a Dell Latitude 5480
Laptop, and data were collected using the aforementioned
observation protocol.

The data were transcribed verbatim, anonymized, and coded
using predefined categories (see Table 1), and additional
categories were developed based on the data (for potential
improvements to the dBBT). Subsequently, the data were
analyzed using verbal-interpretative methods based on the
categories, and key statements were presented accordingly. All
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these steps were carried out by the same person, the researcher
(EP).

Usability Questionnaire

The usability of dBBT was then assessed quantitatively with
the SUS (see Multimedia Appendix 2). The participants (N=4)
completed the SUS directly after using the dBBT.

The SUS is one of the most frequently used questionnaires for
eval uating the usability of eHealth applications[37]. Even with
a very small sample, the SUS provides valid results about
whether an application has problems in the area of usability
[38].

The process for computing a SUS score was following: (1)
subtract 1 from the Likert ratings for odd-numbered items, (2)
subtract the Likert ratingsfrom 5 for even-numbered items (each
item scorewill rangefrom Oto 4), and (3) sum the numbersand
multiply the total by 2.5 [24]. This resulted in SUS scores
ranging from O to 100. The following SUS score ratings were
used in this study: scores =52 represented “ OK” usability, =73
represented “good” usability, and =85 represented “excellent”
usability [39].

Themean SUS score from 3500 surveyswithin 273 studieswas
72 [39]. Itisrecommended to the report mean, SD, median, Cl,
and P vaue (Shapiro-Wilk) in addition to the SUS score [24].

Focus Group I nterview

Following the completion of the usability questionnaire, afocus
group session was conducted with all 4 occupational therapists.
The aim was to evaluate the clinica utility of the dBBT
compared to the original version and to gather suggestions for
potential system improvements.

The focus group followed a predefined guideline (see
Multimedia Appendix 3), developed in accordance with
qualitative research standards [40] and reviewed by a second
researcher. Thisguideline was structured around the dimensions
of clinical utility (see Table 1), with the assessment criteriafor
the evaluative content analysis (less than, equal to, or better
than the BBT) also included.

An audio recording was made during the focus group session.
Thisaudiofile, an observation protocol created by the researcher
following the focus group, and notes from the guideline were
used for data analysis. For analysis, an evaluative qualitative
content approach was chosen [33]. Aninitial coding frame was
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derived from the focus group guideline and refined as more data
were analyzed. This involved identifying patterns, assigning
codes, and establishing themes and subthemes from the coded
data [41]. Ultimately, the data were interpreted verbally
according to categories and presented alongside relevant
statements.

Merging Qualitative and Quantitative Data

We used a convergent mixed methods design, integrating the
findings from both qualitative and quantitative data [42].
Following separate collection and analysis of quantitative and
qualitative information, the 2 data sets were combined.

The purpose of merging the results was twofold: (1) to enhance
the validation of clinical utility and usability and (2) to identify
potential optimization strategies.

The following data were included in the merging process.

« Qualitative results from the focus group and observations

«  Quantitative results from the observations (observation
protocols, see Multimedia Appendix 1) and usability
questionnaires (see Multimedia Appendix 2)

Subsequently, recommendations for future improvements were
extracted from the compiled data and presented.

Results

Overview

The studies were conducted in April 2023. The focus group
lasted approximately 1.5 hours, the observational studies|asted
atotal of 10 minutes for the dexterity measurements, and the
SUSrequired 5 minutes per person. All 4 occupational therapists
involved in the study were between 21 and 30 years old, and
all participants were female.

This section is divided into three subsections: (1) results for
clinical utility, (2) resultsfor usability, and (3) recommendations
for potential future changes for the dBBT. In the subsection on
clinical utility, statements regarding each of the 5 aspects of
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clinical utility are highlighted, representing the obtained resullts.
Quotesarelabeled with their corresponding line numbersinthe
audio transcript. The assessment of usability follows
immediately afterward. Finally, the section concludes with
recommendations, presenting a concise list of potential
optimization measures identified for the dBBT based on the
validation results.

Clinical Utility

Acceptance

The acceptance of the newly developed prototype dBBT differed
from the original BBT in several ways. First, smplicity was
enhanced by eliminating the need for manual counting (with
the original BBT, the therapist has to count the transported
blocks by hand to obtain afinal test result; on average, 80-100
blocks have to be counted by hand, which makes the evaluation
more time-consuming than the BBT itself) and by automating
time measurement instead of using a stopwatch: “for me the
automatic time measurement easier than dealing with a
stopwatch - because | just never use a stopwatch otherwise’

(p.25).

Second, the trustworthiness of the results provided by the dBBT
was emphasi zed, ensuring that the results are credibleto clients:
“and above all, that the result [note: for clients] is credible - if
a‘device’ measure that” (p.125).

Another important finding was the clinical and professional
appearance of the dBBT, which was documented in several
statements, such as “[the dBBT] transports a higher level of
professionalism to the external environment” (p.128).

The evaluative analysis showed that the dBBT achieved higher
acceptance compared to the BBT. As shown in Table 2, atotal
of 89% (33/37) of statements by the occupational therapists
showed ahigher acceptance of the dBBT thantheoriginal BBT.
Particularly, all occupational therapists judged the
“professionalism” (defined aswhether thetest looks professional
[13]) of the dBBT as higher than that of the original BBT.
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Table. Theclinical utility of the digital Box and Block Test (ABBT) as expressed by occupational therapists. “Lessthan,” “equa to,” and “ better than”
indicate their evaluated statements for the dBBT (ie, the dBBT performs less than, equal to, or better than the original Box and Block Test).

Dimensions and subcategories

Statements on the dBBT with rating?

Total, n° Lessthan, n (%)© Equal to, n (%)°© Better than, n (%)°
Acceptance
By administrator 10 1(10) 0(0) 9(90)
By stakeholder 6 0(0) 1(17) 5(83)
By patients 8 1(12) 1(12) 6 (75)
Professionality 8 0(0) 0(0) 8 (100)
Face validity 5 0(0) 0(0) 5 (100)
Total 37 2(5 2(5) 33(90)
Portability
Clarity of components 1 0(0) 1(100) 0(0)
Transportability 8 3(38) 5(62) 0(0)
Total 9 3(33) 6 (67) 0(0)
Energy and effort
Physical exertion 2 0(0) 2 (100) 0(0)
Ease of execution 2 0(0) 2 (100) 0(0)
Ease of learning 3 1(33) 2(67) 0(0)
Total 7 1(14) 6 (86) 0(0)
Time
Learning test execution 3 0(0) 3(100) 0(0)
For evaluation 4 0(0) 0(0) 4 (100)
For preparation 6 0(0) 6 (100) 0(0)
For execution 11 0(0) 11 (100) 0(0)
Total 24 0(0) 20 (83) 4(17)
Cost
Ongoing costs 8 0(0) 2(25) 6 (75)
Required training 8 0(0) 7 (88) 1(12)
Required qualifications 2 0(0) 2 (100) 0(0)
Purchase costs 4 0(0) 0(0) 4 (100)
Total 22 0(0) 11 (50) 11 (50)
Total 99 6 (6) 45 (45) 48 (48)

3Duye to rounding, percentages may not sum to 100%.

bOverall number of statements for the respective item, both in the observation analysis or focus group.

CPercentages are cal culated with the values in the “Total, n” column as the denominators.

Portability

The clarity of the components was rated as equal to the BBT,
but the transportability of the dBBT was rated as lesser than
that of the BBT. Thisisbecausethe original BBT can befolded
to half its size, whereas the dBBT does not offer this feature:
“possibly it is bulkier the dBBT” (p.92).

Regarding the clarity of required components (“Is it easy to
handle in terms of the number of components required?’), the
dBBT wasrated as equal to the BBT: “so thereis no difference
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tothe BBT - except that you don’t have to assemble the dBBT
- then the dBBT is even rather clearer.” (p.116).

The dBBT is dlightly heavier than the BBT. However, the
therapists came to the conclusion that the higher weight of the
dBBT is irrelevant because “normally the BBT will not be
transported either - it will bein the therapy room” (p.112).

According to the eval uative analysisresultsfor portability, 67%
(6/9) of statements reported that the portability of the dBBT
was equal to that of the BBT. The remaining statements (3/9,
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33%) suggested that the dBBT had less transportability than
the BBT (Table 2).

Energy and Effort

In most of the statementsin the energy and effort category and
its subcategories (physical exertion, ease of test execution, and
ease of learning), no difference was found between the dBBT
and BBT: “so certainly none of the three aspects[note: of energy
and effort] shows somehow more effort or energy than with the
BBT” (p.108) and “1 would seeit the same way” (p.109).

Theenergy required to perform the measurement withthedBBT
and to learn how to perform dexterity measurement with the
dBBT was also rated as equal to that for the BBT: “the physical
effort for the test administrator isthe same asfor ameasurement
with the BBT” (p.105) and “the effort required for
implementation is the same, learning isjust as easy aswith the
BBT” (p.110).

In the evaluative analysis results for energy and effort in Table
2, atotal of 86% (6/7) of the statements reported equal energy
and effort in using the dBBT in comparison to the BBT.

Time

In the subcategory of time for evaluation, the dBBT was rated
as better than the BBT by all participants. The therapists
appreciated the simplification resulting from the omission of
counting the blocks, especially when eval uating multiple patients
consecutively: “then | would aso prefer the digital BBT -
because it would be tedious to count and check it all the time”
(p.52) and “dlightly lesstime for the evaluation of the test with
the dBBT than with the BBT” (p.96).

In the subcategories for learning test execution, preparation,
and implementation, the dBBT was rated as equal to the BBT
(Table 2): “I only see a little less time for the evaluation -
everything elseis the same” (p.86) and “the time to learn how
to perform the test cannot be different” (p.98).

The preparation and execution of the hand function measurement
with the dBBT were evaluated as equal to the BBT: “you have
to plug in the dBBT and try it out, | guess — but at the BBT |
have to check whether the stopwatch isworking” (p. 89-90) and
“The preparation is also no different than with the BBT - put it
there...” (p.88).

In the evaluative analysis results for time in Table 2, atotal of
83% (20/24) of statementsin thetime category rated the dBBT
as equal to the BBT, whereas 17% (4/24) rated the dBBT as
better than the BBT.

Cost

The BBT is available for purchase at prices ranging from US
$240 to US $450. The new dBBT was estimated to cost a
fraction of this amount. The manufacturing costs are estimated
to be less than US $65. This information was given to the test
participants before the discussion of costs.
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The ongoing costs for dBBT were estimated to be relatively
lower (if one classified the power consumption as negligible):
“lessarethe running costswith the dBBT - because | don’t need
abattery for the stopwatch” (p.78).

Regarding necessary training, all therapists were receptive to
the fact that the technical device requires minimal additional
effort due to its straightforward operation. However, it was
noted that an introduction to the functions of the dBBT was
requiredinitialy: “I think it balances out - since you don’t have
to count with the dBBT. that's not necessary. but the three
buttons and plugging the device in [to the power supply] are
the‘more’ - but once you know it, you can do it anyway” (p.17)
and “you have to be told at least once what, for example, the
black button isfor and so on” (p.19).

At the same time, however, familiarity with using a stopwatch,
which was required for the original BBT, had decreased: “ the
stopwatch | need to usein the original, | also need to practice’
(p-22). Therefore, the expense of required training was rated as
equal to the BBT.

Therequired qudification for executing adexterity measurement
withthedBBT wasrated asequal to the BBT: “the qualification
for the admin is the same, as the standardized test protocol is
just as possible with the dBBT as with the BBT” (p.5).

In total, 50% (11/22) of statements in the cost category rated
the dBBT as equal to the the original BBT and 50% (11/22)
rated it as better than the BBT. The purchase cost of the dBBT
was considered better than the BBT, whereas in all other
subcategories, the dBBT was considered equal to the BBT.

Summary

The evaluative qualitative content analysis used selected
dimensions (less than, equal to, and better than) to assess the
clinical utility of the dBBT compared to the original BBT
measurement instrument. In summary, 45% (45/99) of all
statements reported an equivalent assessment of the dBBT.
Furthermore, 48% (48/99) of all statements rated the clinical
utility of the dBBT as better than that of the dBBT, whereas
only 6% (6/99) of the statements rated the dBBT as less than
the BBT (refer to Table 2).

Therefore, inthisstudy, the dBBT consistently appeared to have
at least comparable, and often superior, results in terms of
clinical utility compared to the BBT.

Usability

Usability was evaluated using the standardized SUS. The SUS
was administered immediately foll owing the observation study.
Consequently, participants engaged in a standardized hand
dexterity assessment (in alaboratory setting) before evaluating

the dBBT using the SUS. Table 3 presents the survey results
obtained after the observations.
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Table. System Usahility Scale (SUS) score for the digital Box and Block Test from 4 therapists.

Metric SUS score
Mean (SD) 83 (10)
Median (range) 87.5(72.5-95)
95% ClI 76-96

Recommendations

Severa themesregarding potential future changesfor thedBBT
emerged from observations and the focus group discussion. A
total of 3 pointsfor potential improvements had beenidentified,
supported by collected data and defined recommendations.

Theme 1. Shape of the Blocks

The most commonly suggested improvement for the system
pertained to the shape of the blocks. Participants expressed that
making the edges|ess sharp would enhance the ease of handling
the blocks: “The cubes are more difficult to grip [the edges are
sharper than on the BBT]..." (p.10) and “...Edges are sharper
or very sharp in the dBBT, which means that they are arranged
more closely in the box and it is harder to grip them” (p.13).

«  Recommendation 1: Adaption of edge shapes of the dBBT,
by making the edges rounder

Theme 2: Additional Acoustic Signal for Test Ending

The second point focused on signaling the end of thetest period.
Currently, the dBBT uses 2 LEDs, placed on the partition, that
change from green to red when the 60-second test period
concludes. However, the partici pants preferred an audible signal,
as it would provide a clearer notification for both the person
being tested and the therapist: “...the stopwatch beeps so nicely
[note: on the original BBT] - then the patient knows that the
measurement period is over” (p.80) and “...that would also be
good if this prototype can do that...” (p.81).

Additionally, it was observed in 3 (75%) out of 4 instances, the
visual signal for the test ending was not perceived by either the
test administrator or the person being tested.

« Recommendation 2: The implementation of an acoustic
signal that marks the end of the test period

Theme 3: Continuous Display During Test Run

Thethird point became evident from observationsalone. During
the test, 2 (50%) out of the 4 occupational therapists were
distracted by the display, which constantly showed the elapsed
time and the number of blocks currently being counted. The
standardized test procedure requires occupational therapiststo
ensurethat the person being tested (1) crossesthe partition with
their fingers and (2) transports only one block at a time.
However, constantly checking the changing display diverted
thetherapists’ attention from thistask. None of the participants
in the focus group mentioned this issue. It is possible that this
observed behavior isaresult of using anew device, and whether
this problem persists with continued use of the dBBT cannot
be conclusively answered by this study alone.

https://rehab jmir.org/2024/1/654939

« Recommendation 3: Deactivate the continuous display
during the test procedure; activate the display only at the
start and end of the test

No other subthemes regarding future changes were found.

Discussion

This study is the first thorough assessment of the clinical
effectiveness and user-friendliness of the dBBT, revealing user
opinions and possible advantages of such systems. Apart from
insightsintoitsclinical utility and usability, the findings present
valuabl e perspectives from end users that can shape the future
development of digital assessments.

Clinical Utility

Clinical utility plays a pivota role in selecting and using a
measurement technique. The original BBT iswell regarded for
its characteristics:. quick  administration,  simplicity,
clinic-friendliness, and portability [4,5,43,44]. However, using
a wooden measuring tool with a stopwatch is outdated now.
Switching to digital methods for measuring hand dexterity can
enhance data collection quality [6] and increase acceptance
among both patients and therapists. However, these advantages
matter only in the health care sector if digitalization does not
make measuring hand dexterity more complicated.

To evaluate the clinical utility of the dBBT, we divided it into
different aspects based on existing literature. These aspects
encompassed acceptance, portability, energy and effort, time,
and cogt, totaling 17 subcategories [23]. We assessed these
aspectsin comparisontotheorigina BBT, using a3-point scale
(less than, equal to, and better than).

The dBBT surpassed the original BBT in terms of acceptance
(across al 5 subcategories) and in the subcategories of
evaluation time and purchase costs. Compared to the BBT, the
dBBT garnered higher acceptance from users and patients. The
improved rating in evaluation time is attributed to the fact that
the test administrator no longer needs to manually tally the
approximately 80-100 transported blocks after completing the
test. Theresultsare automatically recorded and displayed, saving
the time required for measurement. The assessment of the
notably lower purchase cost of the dBBT is grounded in a
comparison between the costly BBT, as outlined in the Results
section, and the estimated manufacturing expenses of the dBBT.

In summary, the comparison of the clinical utility of the BBT
and dBBT revealed superior results for the dBBT in terms of
acceptance, time, and costs. Theresultswere comparablein the
dimensionsof energy and effort, whereasthe BBT demonstrated
better results in transportability.
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Usability

The usability of the dBBT was evaluated using the SUS, a
standardized and validated tool even with small random samples
[38]. All participants provided dataimmediately after using the
dBBT, which wasthen quantitatively analyzed. The mean SUS
score for the dBBT was 83 (SD 10). This result exceeded the
mean SUS score of 72 from 237 studiesfor hardware[39]. Since
a SUS score of 85 or higher is considered excellent, the
outcomes are highly favorable [39].

Future Work

The systematic evaluation of the dBBT has generated valuable
insights for future system iterations. Subsequent efforts will be
directed toward incorporating these enhancements into the
system. Moreover, future endeavorswill concentrate on gauging
users perceptions of the system within authentic clinical settings
and through prolonged use over time. This approach will enable
the objective assessment of the system’s influence on usersin
clinical environments and facilitate a comparison with the
perceived impact identified in this study.

Comparison With Prior Work

Inthe early stages of digital innovation, understanding usability
from an end user’s perspective is critical. Active and early
involvement of users in the design process helps identify
unforeseen user experience issues, enhancing user engagement,
a crucia factor in overal user acceptance [38]. Assessing
clinical utility is essential for a comprehensive evaluation of
assessments [23].

Several publications discuss advancements in various versions
of the BBT, integrating additional technol ogies such assensors,
cameras, or virtua reality [3,8,10,11,13,15,16]. However, there
remains a lack of validation regarding the clinical utility of
digitized measurement instruments [11].

One study examined the perceived user-friendliness and
acceptance of avirtual BBT using a satisfaction questionnaire,
yielding highly positive results for the examined devel opment
[13]. Another study, using the Intrinsic Motivation Inventory,
reported greater motivation with the virtual BBT compared to
thetraditional BBT [7]. However, Cho et al [11] noted reduced
accessibility with a further virtual iteration of the BBT due to
the additional technical equipment required. To our knowledge,
no studies have explored the clinica advantages of newly
developed digital versions of the BBT using the dimensions
proposed by Fawcett [23].

Everard et a [3,14] reported comparable usability results, with
SUS scores of 78 and 83 among healthy participants using a
virtual BBT. At the time of this study, no additional results on
the usability of digitized BBTs were available.

Clinical Implications

During development, researchers should not only consider the
functionality of a new system but also its practicality. Without
the cooperation and acceptance of users, the functionality of a
new system may prove ineffective [6].
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Overall, the data suggested that the dBBT prototype maintained
the fundamental advantage of the BBT (simplicity and quick
execution) despite its digitization.

The measurement of hand dexterity with the dBBT adheres to
the standardized test protocol of the BBT. Given that the BBT
and itstesting procedure are widely used and well-known among
clinicians, the adoption of the dBBT as a measurement tool is
straightforward. There is no need to develop new descriptions
for test procedures and patient instructions, asthese are readily
available for the BBT and are equally applicable to the dBBT.

With its automated measurement of time and results, the dBBT
holds significant potential for resource savingsin research. The
automated measurement can minimize variability among
different testers, thereby enhancing data quality. Moreover, the
high acceptance among all participants can yield additional
benefits for clinical practice.

The advantages of the dBBT can enhance the assessment of
hand dexterity in health care. The dBBT has the potential to
become a complementary tool for clinical practice.

Limitations

Severa contextual factors should be considered when
interpreting our findings. All results in this study reflected
participants’ first experiences with the system. Although this
approach is suitable for identifying perceived clinical utility
and usability issues, it is possible that perceptions may evolve
over time. Further studies are warranted to explore thelong-term
clinical utility and usability of the dBBT.

Additionaly, this study was conducted in acontrolled |aboratory
environment. Evaluating the systeminreal clinical settings may
uncover additional usability and functionality issues, aswell as
opportunities for further improvements.

Due to the early stage of development, the involvement of
patients was rejected for ethical reasons. This combined with
the small sample size and homogeneity of participants may limit
the generalizability of results, particularly when considering
diverse demographics or populations with varying levels of
interest in technology.

Data collection, transcription, and analysis were performed by
a single researcher, with the first coding of the data supported
by feedback from asecond researcher. Although therewas high
consistency in merging the quantitative and qualitative results,
it isimportant to acknowledge the potential influence of asingle
researcher.

Furthermore, this paper primarily focused on assessing the
clinical utility and usability of the dBBT. Extensive details on
the psychometric properties of thedBBT are availablein arecent
publication by the authors[17].

Conclusions

In conclusion, this study serves as a pioneering exploration into
the clinical utility and usability of the dBBT, offering valuable
insights into user perspectives and the potential advantages of
digital assessment systems.
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This research sheds light on the promising prospects of the the dBBT holds significant potential for enhancing hand
dBBT intermsof clinical utility and usability, actingasabridge dexterity assessments in clinical practice, benefiting both
between traditional assessmentsand digital innovations. Aswe patients and health care providers.

further refine and broaden our understanding of thisdigital tool,

Acknowledgments

We would like to extend our sincere thanks to all participants in our study, who generously shared their time, experiences, and
insights with us. Their willingness to engage with our research was essential to the success of this project, and we are grateful
for their participation. All text has been written by authors EP and EA and checked for clarity and readability by ChatGPT
(OpenAl) [45]. After using this tool, the authors have thoroughly reviewed and edited the content as necessary and assume fulll
responsibility for the publication's content.

Conflictsof Interest
None declared.

Multimedia Appendix 1
Observation guideline.
[DOCX File, 14 KB - rehab v11i1e54939 appl.docx ]

Multimedia Appendix 2
System Usability Scale.
[DOCX File, 58 KB - rehab_v11i1e54939 app2.docx ]

Multimedia Appendix 3
Focus group guideline.
[DOCX File, 25 KB - rehab_v11i1e54939 app3.docx |

References

1.  Gopa A, Hsu WY, Allen DD, Bove R. Remote assessments of hand function in neurological disorders: systematic review.
JMIR Rehabil Assist Technol 2022 Mar 9;9(1):e33157. [doi: 10.2196/33157] [Medline: 35262502]

2. AcharyaKA, Bhat S, Kanthi M, Rao BK. Fine motor assessment in upper extremity using custom-made el ectronic pegboard
test. JMed Signals Sens 2022 Dec 28;12(1):76-83. [doi: 10.4103/jmss.JMSS 58 20] [Medline: 35265469]

3.  Everard G, Otmane-Tolba Y, Rosselli Z, et a. Concurrent validity of an immersive virtua reality version of the Box and
Block Test to assess manua dexterity among patients with stroke. J Neuroeng Rehabil 2022 Jan 22;19(1):7. [doi:
10.1186/s12984-022-00981-0] [Medline: 35065678]

4.  Mathiowetz V, Volland G, Kashman N, Weber K. Adult norms for the Box and Block Test of manual dexterity. AmJ
Occup Ther 1985 Jun;39(6):386-391. [doi: 10.5014/aj0t.39.6.386] [Medline: 3160243]

5. DesrosiersJ, Bravo G, Hébert R, Dutil E, Mercier L. Validation of the Box and Block Test as a measure of dexterity of
elderly people: reliability, validity, and norms studies. Arch Phys Med Rehabil 1994 Jul;75(7):751-755. [Medline: 8024419]

6. OfaSimbafia ED, SAnchez-Herrera Baeza P, Jardon Huete A, Balaguer C. Review of automated systems for upper limbs
functional assessment in neurorehabilitation. |EEE Access 2019;7:32352-32367. [doi: 10.1109/ACCESS.2019.2901814]

7. DongY,LiuX, TangM, etal. A haptic-feedback virtual reality system to improve the Box and Block Test (BBT) for upper
extremity motor function assessment. Virtual Real 2023 Jun;27(2):1199-1219. [doi: 10.1007/s10055-022-00727-2]

8. Hsiao CP, Zhao C, Do EYL. Thedigital Box and Block Test automating traditional post-stroke rehabilitation assessment.
In: 2013 |EEE International Conference on Pervasive Computing and Communications Workshops (PERCOM Workshops
2013): |EEE; 2013:360-363. [doi: 10.1109/PerComW.2013.6529516]

9.  Zhang, Chen, YuH, et a. Wearable sensors based automatic Box and Block Test system. In: 2019 |EEE SmartWorld,
Ubiquitous Intelligence & Computing, Advanced & Trusted Computing, Scalable Computing & Communications, Cloud
& Big Data Computing, Internet of People and Smart City Innovation
(SmartWorld/SCALCOM/UIC/ATC/CBDCom/IOP/SCI): |EEE; 2019:952-959. [doi:
10.1109/SmartWorld-UIC-ATC-SCAL COM-IOP-SCI.2019.00189]

10. LeeTKM, LimJG, Leo KH, Sanei S. Indications of neural disorder through automated assessment of the Box and Block
Test. In: 2018 |EEE 23rd International Conference on Digital Signal Processing (DSP): |EEE; 2018:1-5. [doi:
10.1109/1CDSP.2018.8631815]

11. Cho S, Kim WS, Paik NJ, Bang H. Upper-limb function assessment using VBBTs for stroke patients. IEEE Comput Grap
Appl 2016;36(1):70-78. [doi: 10.1109/MCG.2015.2]

https://rehab.jmir.org/2024/1/e54939 JMIR Rehabil Assist Technol 2024 | vol. 11 | €54939 | p.92
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=rehab_v11i1e54939_app1.docx&filename=6ed244a3-191b-11ef-9431-5bd8d7bf6b0c.docx
https://jmir.org/api/download?alt_name=rehab_v11i1e54939_app1.docx&filename=6ed244a3-191b-11ef-9431-5bd8d7bf6b0c.docx
https://jmir.org/api/download?alt_name=rehab_v11i1e54939_app2.docx&filename=6ee29851-191b-11ef-9431-5bd8d7bf6b0c.docx
https://jmir.org/api/download?alt_name=rehab_v11i1e54939_app2.docx&filename=6ee29851-191b-11ef-9431-5bd8d7bf6b0c.docx
https://jmir.org/api/download?alt_name=rehab_v11i1e54939_app3.docx&filename=6ef69581-191b-11ef-9431-5bd8d7bf6b0c.docx
https://jmir.org/api/download?alt_name=rehab_v11i1e54939_app3.docx&filename=6ef69581-191b-11ef-9431-5bd8d7bf6b0c.docx
http://dx.doi.org/10.2196/33157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35262502&dopt=Abstract
http://dx.doi.org/10.4103/jmss.JMSS_58_20
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35265469&dopt=Abstract
http://dx.doi.org/10.1186/s12984-022-00981-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35065678&dopt=Abstract
http://dx.doi.org/10.5014/ajot.39.6.386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3160243&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8024419&dopt=Abstract
http://dx.doi.org/10.1109/ACCESS.2019.2901814
http://dx.doi.org/10.1007/s10055-022-00727-2
http://dx.doi.org/10.1109/PerComW.2013.6529516
http://dx.doi.org/10.1109/SmartWorld-UIC-ATC-SCALCOM-IOP-SCI.2019.00189
http://dx.doi.org/10.1109/ICDSP.2018.8631815
http://dx.doi.org/10.1109/MCG.2015.2
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Prochaska & Ammenwerth

12. Alvarez-Rodriguez M, L 6pez-Dolado E, Salas-Monedero M, et al. Concurrent validity of avirtual version of Box and Block
Test for patients with neurological disorders. World J Neurosci 2020;10(1):79-89. [doi: 10.4236/wjns.2020.101009]

13. OfaED, Jardon A, Cuesta-Gomez A, Sanchez-Herrera-Baeza P, Cano-de-la-Cuerda R, Balaguer C. Validity of a
fully-immersive VR-based version of the Box and Blocks Test for upper limb function assessment in Parkinson’s disease.
Sensors (Basel) 2020 May 13;20(10):2773. [doi: 10.3390/s20102773] [Medline: 32414177]

14. Everard G, Burton Q, van de Sype V, et al. Extended reality to assess post-stroke manual dexterity: contrasts between the
classic Box and Block Test, immersive virtual reality with controllers, with hand-tracking, and mixed-reality tests. J
Neuroeng Rehabil 2024 Mar 15;21(1):36. [doi: 10.1186/s12984-024-01332-x] [Medline: 38491540]

15. Hashim NA, Abd Razak NA, Gholizadeh H, Abu Osman NA. Video game-based rehabilitation approach for individuals
who have undergone upper limb amputation: case-control study. IMIR Serious Games 2021 Feb 4;9(1):e17017. [doi:
10.2196/17017] [Medline: 33538698]

16. HerreraV, Valeo D, Castro-Schez JJ, et a. Rehab-immersive: aframework to support the development of virtual reality
applications in upper limb rehabilitation. SoftwareX 2023 Jul;23:101412. [doi: 10.1016/j.s0ftx.2023.101412]

17. Prochaska E, Ammenwerth E. A digital Box and Block Test for hand dexterity measurement: instrument validation study.
JMIR Rehabil Assist Technol 2023 Sep 15;10:€50474. [doi: 10.2196/50474] [Medline: 37713251]

18. Smart A. A multi-dimensional model of clinical utility. Int JQual Health Care 2006 Oct;18(5):377-382. [doi:
10.1093/intghc/mzI034] [Medline: 16951425]

19. Ashcroft R. What is clinical effectiveness? Stud Hist Philos Biol Biomed Sci 2002 Jul;33(2):219-233. [doi:
10.1016/S0039-3681(02)00020-1]

20. Gray A. Critical appraisal of methods: economic evaluation. In: Dawes M, Davies P, Gray A, et al, editors. Evidence-Based
Practice: A Primer for Healthcare Professionals, 2nd edition: Elsevier Churchill Livingstone; 2005.

21. First MB, Pincus HA, Levine JB, Williams JBW, Ustun B, Peele R. Clinical utility as a criterion for revising psychiatric
diagnoses. Am J Psychiatry 2004 Jun;161(6):946-954. [doi: 10.1176/appi.ajp.161.6.946] [Medline: 15169680]

22.  Jeffrey LIH. Aspects of selecting outcome measures to demonstrate the effectiveness of comprehensive rehabilitation. Br
J Occup Ther 1993 Nov;56(11):394-400. [doi: 10.1177/030802269305601103]

23.  Fawcett AL. Principlesof Assessment and Outcome Measurement for Occupational Therapists and Physiotherapists: Theory,
Skills and Application: John Wiley & Sons Inc; 2007.

24. Hyzy M, Bond R, Mulvenna M, et al. System Usability Scale benchmarking for digital health apps: meta-analysis. IMIR
Mhealth Uhealth 2022 Aug 18;10(8):€37290. [doi: 10.2196/37290] [Medline: 35980732]

25. Ddring N, Bortz J. Forschungsmethoden Und Evaluation in Den Sozial- Und Humanwissenschaften: Springer Berlin; 2016.
[doi: 10.1007/978-3-642-41089-5]

26. Krueger RA, Casey MA. Focus Groups: A Practical Guide for Applied Research: SAGE Publications; 2008.

27. Faulkner L. Beyond the five-user assumption: benefits of increased sample sizesin usability testing. Behav Res Methods
Instrum Comput 2003 Aug;35(3):379-383. [doi: 10.3758/bf03195514] [Medline: 14587545]

28. Tong A, Sainsbury P, Craig J. Consolidated Criteriafor Reporting Qualitative Research (COREQ): a 32-item checklist for
interviews and focus groups. Int J Qual Health Care 2007 Dec;19(6):349-357. [doi: 10.1093/intghc/mzm042] [Medline:
17872937]

29. ProchaskaE. Validation of two digitized assessments for measuring hand function. Open Science Framework. 2022 Nov
7. URL: https://osf.io/bw2m4/ [accessed 2024-05-06]

30. Creswell JW. Research Design Qualitative, Quantitative, and Mixed Methods Approaches: SAGE Publications; 2018.

31. Tashakkori A, Teddlie C. Mixed Methodology: Combining Qualitative and Quantitative Approaches. SAGE Publications,
1998, Val. 46.

32. Mayring P. Qualitative Content Analysis: A Step-by-Step Guide: SAGE Publications; 2021.

33. Kuckartz U. Qualitative Text Analysis: A Guideto Methods, Practice & Using Software: SAGE Publications; 2014. [doi:
10.4135/9781446288719]

34. Schreier M. Varianten qualitativer inhaltsanalyse: Ein Wegweiser im Dickicht der Begrifflichkeiten [Article in German)].
Forum Qualitative Sozialforschung 2014 Jan;15(1):18 [FREE Full text]

35. Mayring P. Qualitative Inhaltsanalyse Grundlagen Und Techniken, 12th edition: Beltz; 2022.

36. Given L. The SAGE Encyclopedia of Qualitative Research Methods: SAGE Publications; 2008. [doi:
10.4135/9781412963909]

37. Marambal, Chatterjee A, Newman C. Methods of usability testing in the development of eHealth applications: a scoping
review. Int JMed Inform 2019 Jun;126:95-104. [doi: 10.1016/j.ijmedinf.2019.03.018] [Medline: 31029270]

38. Peres SC, Pham T, Phillips R. Validation of the System Usability Scale (SUS): SUSin the wild. Proc Hum Factors Ergon
Soc Annu Meet 2013 Sep 30;57(1):192-196. [doi: 10.1177/1541931213571043]

39. Bangor A, Kortum P, Miller J. Determining what individual SUS scores mean: adding an adjective rating scale. Journal of
User Experience 2009;4(3):114-123 [FREE Full text]

40. Malterud K. Qualitative research: standards, challenges, and guidelines. Lancet 2001 Aug 11;358(9280):483-488. [doi:
10.1016/S0140-6736(01)05627-6] [Medline: 11513933]

https://rehab,jmir.org/2024/1/e54939 JMIR Rehabil Assist Technol 2024 | vol. 11 | €54939 | p.93

(page number not for citation purposes)


http://dx.doi.org/10.4236/wjns.2020.101009
http://dx.doi.org/10.3390/s20102773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32414177&dopt=Abstract
http://dx.doi.org/10.1186/s12984-024-01332-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38491540&dopt=Abstract
http://dx.doi.org/10.2196/17017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33538698&dopt=Abstract
http://dx.doi.org/10.1016/j.softx.2023.101412
http://dx.doi.org/10.2196/50474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37713251&dopt=Abstract
http://dx.doi.org/10.1093/intqhc/mzl034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16951425&dopt=Abstract
http://dx.doi.org/10.1016/S0039-3681(02)00020-1
http://dx.doi.org/10.1176/appi.ajp.161.6.946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15169680&dopt=Abstract
http://dx.doi.org/10.1177/030802269305601103
http://dx.doi.org/10.2196/37290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35980732&dopt=Abstract
http://dx.doi.org/10.1007/978-3-642-41089-5
http://dx.doi.org/10.3758/bf03195514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14587545&dopt=Abstract
http://dx.doi.org/10.1093/intqhc/mzm042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17872937&dopt=Abstract
https://osf.io/bw2m4/
http://dx.doi.org/10.4135/9781446288719
https://www.qualitative-research.net/index.php/fqs/article/download/2043/3636/0
http://dx.doi.org/10.4135/9781412963909
http://dx.doi.org/10.1016/j.ijmedinf.2019.03.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31029270&dopt=Abstract
http://dx.doi.org/10.1177/1541931213571043
https://uxpajournal.org/determining-what-individual-sus-scores-mean-adding-an-adjective-rating-scale/
http://dx.doi.org/10.1016/S0140-6736(01)05627-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11513933&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Prochaska & Ammenwerth

41.

42.
43.

44,

45,

O'Reilly MA, Slevin B, Ward T, Caulfield B. A wearable sensor-based exercise biofeedback system: mixed methods
evaluation of Formulift. IMIR Mhealth Uhealth 2018 Jan 31;6(1):e33. [doi: 10.2196/mhealth.8115] [Medline: 29386171]
Creswell JW, Plano Clark VL. Designing and Conducting Mixed Methods Research: SAGE Publications; 2011, Vol. 2.
Canny ML, Thompson JM, Wheeler MJ. Reliability of the Box and Block Test of manual dexterity for use with patients
with fibromyalgia. Am J Occup Ther 2009;63(4):506-510. [doi: 10.5014/aj0t.63.4.506] [Medline: 19708480]

Liang KJ, Chen HL, Shieh JY, Wang TN. Measurement properties of the Box and Block Test in children with unilateral
cerebral palsy. Sci Rep 2021 Oct 25;11(1):20955. [doi: 10.1038/s41598-021-00379-3] [Medline: 34697312]

ChatGPT. OpenAl. URL: https://chatgpt.com/ [accessed 2024-05-09]

Abbreviations

BBT: Box and Block Test

COREQ: Consolidated Criteriafor Reporting Qualitative Research
dBBT: digital Box and Block Test

SUS: System Usahility Scale

Edited by A Mastropietro; submitted 28.11.23; peer-reviewed by G Everard, P Aovare; revised version received 24.04.24; accepted
26.04.24; published 23.05.24.

Please cite as:

Prochaska E, Ammenwerth E

Clinical Utility and Usability of the Digital Box and Block Test: Mixed Methods Study
JMIR Rehabil Assist Technol 2024;11:e54939

URL.: https://rehab.jmir.org/2024/1/€54939

doi:10.2196/54939

© Eveline Prochaska, Elske Ammenwerth. Originally published in JMIR Rehabilitation and Assistive Technology
(https://rehab.jmir.org), 23.5.2024. Thisisan open-access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work, first published in IMIR Rehabilitation and Assistive Technology, is properly cited. The
complete bibliographic information, a link to the original publication on https://rehab.jmir.org/, as well as this copyright and
license information must be included.

https://rehabo,jmir.org/2024/1/e54939 JMIR Rehabil Assist Technol 2024 | vol. 11| €54939 | p.94

RenderX

(page number not for citation purposes)


http://dx.doi.org/10.2196/mhealth.8115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29386171&dopt=Abstract
http://dx.doi.org/10.5014/ajot.63.4.506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19708480&dopt=Abstract
http://dx.doi.org/10.1038/s41598-021-00379-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34697312&dopt=Abstract
https://chatgpt.com/
https://rehab.jmir.org/2024/1/e54939
http://dx.doi.org/10.2196/54939
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Sieber et a

Original Paper

Exploring the Major Barriers to Physical Activity in Persons With
Multiple Sclerosis: Observational Longitudinal Study

Chloé Sieber*?, PhD; Christina Haag™?, PhD; Ashley Polhemus?, PhD; Sarah R Haile?, PhD; Ramona Sylvester®,
MSc; Jan Kool®, PhD; Roman Gonzenbach®, MD, PhD; Viktor von Wyl*2, Prof Dr, PhD

Linstitute for Implementation Science in Health Care, University of Zurich, Zurich, Switzerland
2Epidemi ology, Biostatistics and Prevention Institute, University of Zurich, Zurich, Switzerland
SValens Rehabilitation Centre, Valens, Switzerland

Corresponding Author:

Viktor von Wyl, Prof Dr, PhD

Institute for Implementation Science in Health Care
University of Zurich

Universitatstrasse 84

Zurich, 8006

Switzerland

Phone: 41 44 63 46380

Email: viktor.vonwyl @uzh.ch

Abstract

Background: Physical activity (PA) represents a low-cost and readily available means of mitigating multiple sclerosis (MS)
symptoms and alleviating the disease course. Nevertheless, persons with MS engage in lower levels of PA than the general
population.

Objective: This study aims to enhance the understanding of the barriers to PA engagement in persons with MS and to evaluate
the applicability of the Barriers to Health Promoting Activities for Disabled Persons (BHADP) scale for assessing barriersto PA
in persons with MS, by comparing the BHADP score with self-reported outcomes of fatigue, depression, self-efficacy, and
health-related quality of life, aswell as sensor-measured PA.

Methods: Study participants (n=45; median age 46, IQR 40-51 years, median Expanded Disability Status Scale score 4.5, IQR
3.5-6) were recruited among persons with M S attending inpatient neurorehabilitation. They wore a Fitbit Inspire HR (Fithit Inc)
throughout their stay at the rehabilitation clinic (phase 1; 2-4 wk) and for the 4 following weeks at home (phase 2; 4 wk).
Sensor-based step counts and cumulative minutes in moderate to vigorous PA were computed for the last 7 days at the clinic and
at home. On the basis of PA during the last 7 end-of-study days, we grouped the study participants as active (=10,000 steps/d)
and less active (<10,000 steps/d) to explore PA barriers compared with PA level. PA barriers were repeatedly assessed through
the BHADP scale. We described the rel evance of the 18 barriers of the BHADP scal e assessed at the end of the study and quantified
their correlations with the Spearman correlation test. We evaluated the associations of the BHADP score with end-of-study
reported outcomes of fatigue, depression, self-efficacy, and health-related quality of life with multivariable regression models.
We performed separate regression analyses to examine the association of the BHADP score with different sensor-measured
outcomes of PA.

Results: Theless active group reported higher scores for the BHADP items Feeling what | do doesn’t help, No one to help me,
and Lack of support from family/friends. The BHADP items Not interested in PA and |mpairment were positively correlated. The
BHADP score was positively associated with measures of fatigue and depression and negatively associated with self-efficacy
and health-related quality of life. The BHADP score showed an inverse relationship with the level of PA measured but not when
dichotomized according to the recommended PA level thresholds.

Conclusions: The BHADP scaleisavalid and well-adapted tool for personswith M S becauseit reflects common M S symptoms
such as fatigue and depression, as well as self-efficacy and health-related quality of life. Moreover, decreases in PA levels are
often related to increases in specific barriersin the lives of personswith MS and should hence be addressed jointly in health care
management.

(JMIR Rehabil Assist Technol 2024;11:€52733) doi:10.2196/52733
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Introduction

Background

For decades, physical activity (PA) was believed to exacerbate
multiple sclerosis (MS) symptoms such as fatigue [1]. It was
only in the late 1990s that positive effects of PA for persons
with MS were recognized [2]. In the context of MS, PA can
ameliorate physical and cognitive functions of persons with
MS, improve their health-related quality of life, and mitigate
fatigue symptoms [3]. PA is recommended as symptomatic
treatment in persons with MS, and emerging data even suggest
disease-modifying or preventive effects of PA on MS [4,5].
Notwithstanding these findings, persons with MS are, on
average, less active than the general population [6].

Recent World Health Organization guidelines recommend that
adults with disabilities (aged =18 years) engage in 150 to 300
minutes of moderate PA or 75 to 150 minutes of vigorous PA
per week [7]. For additional benefits, adults with disabilities
should undertake muscle-strengthening activities at least 2 days
per week and multicomponent PA focusing on functional
balance and strength training at least 3 days per week. The
World Health Organization does not provide an equivalent
recommendation for the number of steps per day. Nevertheless,
athreshold of 10,000 daily stepsis commonly associated with
an active lifestyle [8-10].

Activity sensors and Fithit devices in particular have seen
increasing adoptionin M Sresearch over the past years[11]; for
example, such devices have been used to reduce sedentary
behavior in persons with MS [12] or for remote monitoring of
M S disability [13]. Despite the lower accuracy of Fithit sensors
at lower activity intensity [14] and slower walking speed
[15-18], particularly relevant in the case of persons with MS,
earlier studies have demonstrated the validity of Fitbit sensors
in measuring step count [19-21]. These sensors enable
individualized, passive, and inconspicuous monitoring of various
metrics, including PA intensity and step counts, over an
extended period of time [22,23].

In view of the numerous positive effects of PA on the health of
personswith MS, it is crucial to understand facilitators as well
asbarrierstoregular PA in general to achieve therecommended
World Health Organization PA thresholds. However,
understanding PA barriers can be challenging because they may
be highly individual and multidimensional [24]. Asfor thelatter,
a narrative review identified at least five dimensions of PA
barriers in persons with MS: (1) MS-related impairment and
disability; (2) persona attitudes; (3) fatigue asahighly prevalent
symptom; (4) the perceived benefits of exercise; and (5)
logistical factors, including finances, support, and accessibility
[25].

The multitude of possible influencing factors for PA levels
makes studies on barriers to PA methodologically challenging.
Among existing assessment frameworks for PA barriers, the

https://rehab.jmir.org/2024/1/e52733

Barriers to Health Promoting Activities for Disabled Persons
(BHADP) scale plays a prominent role in studies concerning
personswith MS[26]. However, research islacking on whether
the BHADP scale is avalid measure to understand PA barriers
and their effects in real-world settings and to inform effective
interventions to increase PA levels; for example, it remains
unclear how the severity of PA barriers is perceived by active
(=10,000 steps/d) and less active (<10,000 steps/d) personswith
MS, which social (eg, peer support) or health factors (eg,
prevalent M'S symptoms) may mitigate or exacerbate perceived
barriers, and to what extent PA barriers decrease real-world PA.

Objectives

Therefore, this analysis aimed to (1) compare PA barriers—as
summarized by the BHADP scale—between physically active
and less active persons with M S, (2) examine how other health
factors such as fatigue or depression are independently
associated with the BHADP score, and (3) explore the
association of the BHA DP score with sensor-measured outcomes
of PA. Combined, these analyses contribute to the understanding
of measurement characteristics and the validity of the BHADP
scale in persons with MS.

Methods

Data Source

The data used in this study originated from the Barrieren fiir
korperliche Aktivitat bei Multiple Sklerosis-Betroffenen
(BarKA-MS; Barriers to Physical Activity in People With
Multiple Sclerosis) study, a 2-phased observational longitudinal
cohort study repeatedly assessing barriers to PA and
continuously measuring PA levels of persons with MS with a
consumer-grade fitnesstracker [27]. In thefirst phase (2-4 wk),
persons with MS who were recruited at a rehabilitation
clinic—Kliniken Valens, Switzerland—attended an inpatient
rehabilitation program. The second phase corresponded to the
first 4 weeks after the participants returned home. Thisanalysis
focuses on the primary objective of our trial preregistration.

Ethical Consider ations

The BarKA-MS study was approved by the ethics committee
of the canton of Zurich (BASEC 2020-02350). All study
participants provided written informed consent. Upon
completion of the study, they were permitted to retain the
consumer-grade fitness tracker used to measure PA during the
study. No additional incentives were provided. The data was
analyzed in ade-identified format.

Eligibility and Recruitment

The BarKA-MS study aimed to recruit 45 participants. This
target sample size was determined on the basis of similar studies
[19], recent recommendations from the literature [28], and
feasibility considerations. The feasibility considerations
encompassed factors such as the number of potentially eligible
personswith M S attending neurorehabilitation. All personswith

JMIR Rehabil Assist Technol 2024 | vol. 11 | €52733 | p.96
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

MS attending an inpatient rehabilitation program at Kliniken
Valens were considered eligible for inclusion in the study. The
following eligibility criteria were considered for recruitment
into the BarK A-M S study: (1) be aged =18 years; (2) present a
confirmed diagnosisof MS (relapsing or progressive formy; (3)
have an Expanded Disability Status Scale (EDSS) score of 2.0
to 6.5 (ie, with reduced walking ability but still able to walk
independently with or without an assistive device) and not use
a wheelchair at home; (4) be able to complete the weekly
guestionnaires in German; (5) own a mobile device with
Bluetooth functionality, such as a mobile phone or a tablet,
required for the Fitbit synchronization; and (6) willingness to
participate. Persons with MS who were unable to either (1)
compl ete the baseline questionnaires or activate the Fitbit device
or (2) adhere to the study procedures safely were deemed
ingligible for participation. In addition, study participants who
withdrew their informed consent were excluded from the study.
Data collection was finalized in mid-November 2021. More
details about the recruitment are provided elsewhere [29].

Inpatient Rehabilitation Program

Throughout the inpatient rehabilitation program, study
participantsfollowed a personalized therapy plan, concentrating
onindividualized goals. Physiotherapy, which included balance
and endurance training, was an important component of the
rehabilitation program, with persons with MS attending 5to 6
sessions per week, each lasting 30 to 60 minutes. In addition,
study participants engaged in strength training 3 times per week,
with each session lasting 30 to 45 minutes, and occupational
therapy sessions 2 to 3 times per week for 30 minutes each,
focusing on everyday life activities as well as arm and hand
training. Furthermore, depending on the specific needs of the
participants, other therapies were prescribed, including
treadmills, water therapy, hippotherapy, and therapies that
included virtual reality apps.

At the conclusion of inpatient rehabilitation, study participants
were provided with an individualized training plan comprising
3to 4 exercisesto be performed at home. They were instructed
on the proper execution of these exercises and received the
instructions either in printed form or through an app, which
included videos and photos based on the patient’s preferences.
Caregivers offered encouragement in a relatively unstructured
manner, encouraging participants to engage in these exercises
at home and maintain PA.

Variables

Measures

The BarKA-MS study participants were instructed to wear a
Fitbit Inspire HR (Google LLC) during waking hours on their
nondominant wrist throughout the study. The validity of the
Fitbit Inspire HR—collected datain the context of our study was
demongtrated previoudly [21]. Median step count and cumulative
minutes in moderate to vigorous PA (MVPA) over the last 7
measurement days at the rehabilitation clinic and the last 7
measurement days at the end of the study (ie, 4 weeks after
rehabilitation discharge) were used in the analyses (refer to
Multimedia A ppendix 1[29-36] for more details about the Fithit
data processing). The sensor data were continuously collected
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using Fitabase (Small Steps Labs LLC), a secure commercial
data aggregation platform for wearable devices.

Throughout the study, participants were invited to complete
web-based questionnaires using the Research Management
Information System survey platform [37]. At study enrollment,
demographic (ie, sex, age, nationality, marital status, education,
and employment status), and health (ie, MStype, MS duration,
time since last relapse, and comorbidities) information were
collected with the support of the recruiting on-site study
coordinator. Additional measures such asBMI and EDSS score
were assessed at study enrollment and at the end of theinpatient
rehabilitation stay by medical professionals. Study participants
aso completed web-based patient-reported instruments,
including the 12-item Multiple Sclerosis Walking Scale (range
0-100 [lowest walking ability]; refersto the last 2 weeks) [38],
Fatigue Scale for Motor and Cognitive Functions (FSMC; range
20-100 [highest fatigue]; refers to everyday life) [39], General
Self-Efficacy Scale (GSE; range 10-40 [highest self-efficacy];
refers to everyday life) [40], the 8-item Patient Health
Questionnaire depression scale (PHQ-8; range 0-24 [severe
depression]; refers to the last 2 weeks) [41], EQ-5D-5L
(weighted using the French values set; range 0-100 [best quality
of life]; refers to today) [42,43], and a visual analog scale to
assess pain (“How bad was your pain when it was at its worst
during the last 7 days?’; range 0-10 [worst pain]). The 12-item
Multiple Sclerosis Walking Scale and the FSM C were devel oped
for persons with MS and are well validated for this population
[38,39]. By contrast, the GSE, PHQ-8, and EQ-5D-5L were not
developed for persons with MS in the first place but were
subsequently validated among this population group as well
[40-44]. These patient-reported outcomes were recorded at
enrollment, at the end of the inpatient rehabilitation stay, and
at the end of the study. The main variable of interest was the
BHADP score to measure barriers to PA. The BHADP scale,
which was originally designed to evaluate the frequency of
barriers to health promoting activities among individuals who
are disabled, was additionally used for ng the barriersto
PA in persons with MS [26]. The BHADP scale comprises 18
items, scored from 1 to 4, leading to a total score of 18 to 72
points, with higher scores indicating greater PA barriers
[26,45,46]. As the BHADP scale is only available in English,
we trandlated it into German. A back translation into English
confirmed the high consistency of both versions. The BHADP
score was assessed at 3 time points of the BarK A-M S study: at
study enrollment, at the end of the inpatient rehabilitation (2-4
weeks after enrollment, our analysis baseline), and at the end
of the study (4 weeks after discharge). In addition, study
participants were invited to answer the following free-text
questions about PA engagement on a weekly basis. The first
guestion pertained to the barriers to PA: “What kept you from
being physically active this week?” The second question
pertained to PA facilitators: “What made it easier for you to be
physically active thisweek?’ (refer to Multimedia Appendix 1
for more details). Further details on the BarKA-MS study,
including measures that were not used for this anaysis, are
reported elsewhere [29].
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Statistical Analysis

As part of study aim 1 (ie, the comparison of barriers to PA
between active and less active persons with MS), descriptive
statistics were used to characterize active and less active study
participants. To this end, we considered participants active if
the median daily step count over the last 7 valid wear daysin
home settings exceeded 10,000 steps; otherwise, the participants
were assigned to the less active group [8]. For the group
comparison, continuous variables were described as medians
and IQRs and categorical variables as frequency counts and
percentages. Furthermore, we described and compared the 18
barriers of the BHADP scale between the 2 activity groups by
using unpaired 2-tailed t tests with Welch corrections for
unegual variance.

For study aim 2 (ie, the examination of the association of health
factors with the BHADP score), we examined the correlations
among the 18 barriers of the BHADP scal e assessed at the end
of the study. In addition, we explored the construct validity,
that is, the associations of the BHADP score with external
criteria, which, inthis case, are end-of-study reported outcomes
of fatigue, depression, self-efficacy, and health-related quality
of life. These analyses were based on Spearman correlations
and unstandardized multivariable regression models. The
multivariabl e regression modelsincluded the baseline variables
age, sex, MSduration in years, and continuous forms of EDSS
and BMI. The regression analyses were conducted on the
imputed data set (refer to Multimedia Appendix 1 for more
details).

In the context of study aim 3 (ie, the investigation of the
association of the BHADP score with PA level), we conducted
linear and | ogi stic multivariabl e regression analysesto examine
the association of the BHADP score assessed at the end of the
study (explanatory variable) with sensor-based PA level
(outcomes) measured over the last 7 end-of-study days. As
sensor-based PA outcomes, we investigated median step counts
and median cumulative minutes in MVPA in a continuous
manner, as well as dichotomized median step counts (<10,000
or 210,000 steps/d) and dichotomized median cumulative
minutes in MVPA (<150 or 2150 min MVPA/wk). Basic
multivariable regression models were controlled for the same
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baseline sociodemographic and health characteristics asin the
regression analysis for aim 2. Further extensions of basic
regression models were additionally controlled for either the
PA level or the BHADP score measured at the end of
rehabilitation, or both, to account for individualized starting
levelsat analysisbaseline. Asthisisamainly exploratory study,
wedid not correct for multipletesting. The regression analyses
were conducted on theimputed data set. Theresultstableswere
presented using the gtsummary package (version 1.6.1) in R.

All analyses were conducted in R (version 4.2.1; R Foundation
for Statistical Computing) [47], using the RStudio environment
(version 2022.7.1.554; Posit Software, PBC) [48].

Results

Baseline Characteristics

Between January and September 2021, a total of 47 persons
with MS were recruited during inpatient rehabilitation at
Kliniken Valens to participate in the BarK A-M S study. Of the
47 participants, 2 (4%) withdrew from the study owing to
reasons unrelated to either the study or their disease level [29];
thus, 45 (96%) participants completed the study. The
characteristics of al study participants and participant subgroups
based on their daily step count (<10,000 or =10,000 steps/d)
are presented in Table 1. Of the 45 participants, 33 (73%) made
up the less active subgroup, whereas 12 (27%) made up the
active subgroup. Similar descriptive statistics were obtained in
the sensitive analysis based on a threshold of 7000 steps per
day (Table S1 in Multimedia Appendix 1).

During the last week of rehabilitation (analysis baseline), the
45 study participants performed, in median, 8656 (IQR
6103-10547) steps per day and 231 (IQR 86-478) minutes of
MV PA per week. During the last week of the study at home (ie,
4 weeks after rehabilitation discharge), the participants
accomplished, in median, 27% (2327/8656) fewer steps per day
(ie, 6329/8656, 73% steps) and 51% (118/231) fewer minutes
of MVPA per week (ie, 113/231, 49% min) than during the last
week of rehabilitation (full distributions are shown in Figures
S1-$4 in Multimedia Appendix 1).
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Characteristics Study participants Lessactive study participants  Active study participants
(n=45) (<10,000 steps/d; n=33) (210,000 steps/d; n=12)
Baseline demogr aphics
Sex, n (%)
Female 29 (64) 21 (64) 8(67)
Male 16 (36) 12 (36) 4(33)
Age (y), median (IQR) 46 (40-51) 48 (43-53) 44 (40-46)
Nationality® n (%)
Swiss 34 (76) 25 (76) 9 (75)
German 6(13) 5(15) 1(8)
Italian 2(4) 1(3) 1(8)
Other 3(7) 2(6) 1(8)
Marital status, n (%)
Single 12 (27) 10 (30) 2(17)
Married 23(51) 17 (52) 6 (50)
Separated 1(2 1(3) N/AP
Divorced 7 (16) 4(12) 3(25)
Widowed 2(4) 1(3) 1(8)
Education, n (%)
Mandatory school not completed (or uptoandincluding 2 (4) 2(6) N/A
grade 7)
Apprenticeship or secondary education completed (ie, 25 (56) 18 (55) 7 (58)
matura schools or intermediate diploma schools)
Higher professional education, universities of applied 18 (40) 13(39) 5(42)
sciences, or university completed
Employment status, n (%)
Working full time 5(11) 4(12) 1(8)
Working >50% but <100% 5(11) 4(12) 1(8)
Working <50% 17 (38) 12 (36) 5(42)
Not working 18 (40) 13(39) 5(42)
Basdline health information
Multiple sclerosistype, n (%)
Relapsing-remitting multiple sclerosis 18 (40) 11 (33) 7 (58)
Primary-progressive multiple sclerosis 8(18) 5(15) 3(25)
Secondary-progressive multiple sclerosis 19 (42) 17 (52) 2(17)
Multiple sclerosis duration (y), median (IQR) 11(5-21) 14 (5-23) 10 (3-12)
Expanded Disability Status Scale score, median (IQR) 45 (3.5-6) 5(3.5-6) 3.75(2.9-4)
Expanded Disability Status Scale score, n (%)
0-35 15 (33) 9(27) 6 (50)
455 18 (40) 13 (39) 5 (42)
>6 12 (27) 11 (33) 1(8)
Timesincelast relapse (y)
Value, median (IQR) 3(1-5) 3(1-6) 2 (1.5-4)
Missing information, n (%) 8(18) 7 (16) 1(2
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Characteristics Study participants Lessactive study participants Active study participants
(n=45) (<10,000 steps/d; n=33) (210,000 steps/d; n=12)
BMI (kg/m?), median (IQR) 24.(21-29) 23(21-26) 27(21-30.8)
BMI (kg/m?), n (%)
<18.5 (underweight) 5(11) 4(12) 1(8)
18.5-24.9 (healthy weight) 22 (49) 18 (55) 4(33)
25.0-29.9 (overweight) 10 (22) 7(21) 3(25)
>30.0 (obesity) 8(18) 4(12) 4(33)
Comorbidities®, n (%)
None 18 (40) 13(39) 5(42)
Hypertension 5(11) 5(15) 0(0)
Depression 5(11) 5(15) 0(0)
Skin diseases (eg, acne) 4(9) 3(9) 1(8)
Orthopedic diseases (eg, joint or back pain) 4(9) 4(12) 0(0)
Type 2 diabetes 3() 2(6) 1(8)
Migraine 2(4) N/A 2(17)
Hypothyroidism 24 1(3) 1(8)
Other® 9(20) 7(21) 2(17)
Changein theamount of sport practiced after the multiple sclerosis diagnosis, n (%)
Less 27 (60) 21 (64) 6 (50)
Same amount 2(4) 1(3) 1(8)
More 15 (33) 10 (30) 5(42)
Missing information 1(2 1(3) N/A
Time spent at the rehabilitation clinic (d), median (IQR) 22 (18-26) 22 (18-26) 22 (19-24)
Barriersto Health Promoting Activitiesfor Disabled Persons 20 (19-21) 20 (19-22) 20 (19-21)
scale score at analysis baseline (ie, at the end of the rehabil-
itation stay; range 18-72; the higher the score, the more
barriers to physical activity), median (IQR)
End-of-study assessments
Barriersto Health Promoting Activitiesfor Disabled Persons 28 (24-35) 30 (24-35) 26 (25-28)

scale score (range 18-72; the higher the score, the more
barriersto physical activity), median (IQR)

12-item Multiple Sclerosis Walking Scale scor e (range 0-100; the higher the score, the lower the walking ability)
Value, median (IQR) 45.8 (29.2-79.2) 62.5 (35.4-85.4) 28.1(16.1-29.2)
Missing information, n (%) 6 (13) 4(9) 24

Fatigue Scale for Motor and Cognitive Functions scor e (range 20-100; the higher the score, the more the fatigue), n (%)

<43 (no fatigue) 9(20) 7(21) 2(17)
43-52 (mild fatigue) 6 (13) 5(15) 1(8)

53-62 (moderate fatigue) 8(18) 5(15) 3(25)
=63 (severe fatigue) 15(33) 12 (36) 3(25)
Missing information 7 (16) 4(12) 3(25)

Fatigue Scale for Motor and Cognitive Functions—cognitive fatigue scor e (range 10-50; the higher the score, the morethefatigue), n (%)

<22 (no cognitive fatigue) 17 (38) 14 (42) 3(25)
22-27 (mild cognitive fatigue) 6 (13) 4(12) 2(17)
28-33 (moderate cognitive fatigue) 8(18) 4(12) 4(33)
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Characteristics Study participants Lessactive study participants Active study participants
(n=45) (<10,000 steps/d; n=33) (210,000 steps/d; n=12)

234 (severe cognitive fatigue) 9 (20) 8(24) 1(8)
Missing information 5(11) 3(9) 2(17)

Fatigue Scale for Motor and Cognitive Functions-motor fatigue score (range 10-50; the higher the score, the morethefatigue), n (%)
<22 (no motor fatigue) 6 (13) 5(15) 1(8)
22-26 (mild motor fatigue) 4(9) 2(6) 2(17)
27-31 (moderate motor fatigue) 9(20) 6 (18) 3(25)
>32 (severe motor fatigue) 22 (49) 18 (55) 4(33)
Missing information 4(9) 2 (6) 2(17)

General Self-Efficacy Scale score (range 10-40; the higher 32 (30-36) 32 (29-36) 31 (30-36)

the score, the more the self-efficacy), median (IQR)

8-item Patient Health Questionnaire depression scale scor e (range 0-24; the higher the score, the more the depression signs), n (%)

<10 (not clinically significant depression) 35 (78)
210 (clinically significant depression) 7 (16)
Missing information 3(7)

23(70) 12 (100)
7(21) 0(0)
3(9) 0(0)

EQ-5D-5L score, weighted by the French values set (range 0-100; the higher the score, the better the quality of life)

Value, median (IQR)
Missing information, n (%) 2(4)

“How bad was your pain when it was at itsworst during the 3 (0-6)
last 7 days?’ (visual analog scale; range 0-10; the higher the
score, the greater the pain), median (IQR)

63.5 (45.6-78.8)

63 (39.9-74.0)
2(6)
3(0-7)

78.3 (63.4-87.6)
0(0)
3(1-4)

M ultiple answers possible.
BN/A: not applicable.

CAsthma, type 1 diabetes, osteoporosis, psoriasis, cancer, rheumatic diseases, elevated cholesterol level, colitis ulcerosa, fibromyalgia, shingles, Meniere

disease, and cerebellar syndrome.

Description of Barriersto PA

Figure 1 illustrates the mean scores (on arange of 1-4) for the
18 BHADP items, stratified by participants' PA level (means,
SDs, t statistics, and P vaues are shown in Table S2 in
Multimedia Appendix 1). Thefollowing items contained missing
values, with the corresponding numbers provided in parentheses:
Lack of convenient facilities (n=1), Too tired (n=2), Lack of
transportation (n=1), No one to help me (n=1), Concern about
safety (n=1), Feeling | can't do things correctly (n=2), and
Difficulty with communication (n=2). In both comparison groups,
Impairment (mean 2.5, SD 1 for the less active group vs mean
2, SD 0.7 for the active group), Too tired (mean 2.4, SD 0.9 vs
mean 2.2, SD 0.9), and Interferes with other responsibilities
(mean 1.9, SD 0.9 vs mean 2.1, SD 0.9) were among the
highest-rated barriers. The means and SDs at the study
participants’ level are presented in Figure S5 and Table S3 in
Multimedia Appendix 1. Most BHADP item scoreswere higher
among the less active group. However, only a few exhibited
statistical significance, which were Feeling what | do doesn't
help (mean 1.6, SD 0.7 for the less active group vs mean 1.2,
SD 0.4 for the active group; P=.01), No one to help me (mean
1.5, SD 0.6 vsmean 1.1, SD 0.3; P=.005), and Lack of support
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fromfamily/friends (mean 1.4, SD 0.7 vsmean 1, SD 0; P=.003).
The Impairment item score was nominally higher in the less
active group, but this difference was not statistically significant
(mean 2.5, SD 1 vs mean 2.0, SD 0.7; P=.09). Similar results
were observed in the sensitivity analysis based on a cutoff of
<7000 or 27000 steps/d (Figure S6in Multimedia Appendix 1).
Furthermore, most of the BHADP item scores decreased at the
end of the rehabilitation stay compared with before the
rehabilitation stay (Figures S7 in Multimedia Appendix 1).
However, at the end of the study (ie, at the end of the home
phase), they rebounded to the start-of-rehabilitation levels
(Figures S7-S9 in Multimedia Appendix 1). The items
Impairment and Too tired improved significantly from study
enrollment to the end of the study (Impairment: mean 2.9, SD
0.9 at study enrollment vs mean 2.4, SD 0.9 at the end of the
study; P<.001; Too tired: mean 2.6, SD 1 at study enrollment
vsmean 2.3, SD 0.9 at the end of the study; P=.04).

Barriers and facilitators to PA were additionally surveyed
through weekly free-text questions (Figures S10 and S11 in
Multimedia Appendix 1). The most frequently reported key
words were work, fatigue, and weather (=15 occurrences) in
the question about PA barriers and weather and motivation (20
occurrences) in the question concerning the PA facilitators.
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Figure 1. Barriers to physical activity by physical activity level. Average score of the 18 items of the Barriers to Health Promoting Activities for
Disabled Persons (BHADP) scale (item score range 1-4) reported at the end of the study by the less active participants (<10,000 steps/d; n=33; in light
green) and the active participants (210,000 steps/d; n=12; in dark green), in decreasing order for the less active participants. Statistically significant
differences (P<.05) are reported directly on the graph. Higher scores reflect greater barriers. The figure is based on the complete cases data set.
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Associations of Barriers Score

For study aim 2, weintended to examinethe correl ations among
the 18 BHADP items, as well as the associations of the total
BHADP score with other patient-reported instruments. The 18
items of the BHADP scale revealed interdependencies among
different items (Figure S12 in Multimedia Appendix 1); for
instance, Not interested in PA was positively correlated with
Impairment (p=0.56; P=.02), Difficulty with communication
(p=0.44; P=.04), and Bad weather (p=0.44; P=.01). The item
Bad weather was also negatively correlated with Interfereswith
other responsibilities (p=—-0.15; P=.02). Furthermore, the item
Interferes with other responsibilities was positively associated
with Lack of time (p=0.6; P<.001).

Moreover, given the high importance of the BHADP item
I mpairment, we further explored the associations of the overall
BHADP score with specific patient-reported outcomes of
fatigue, depression, self-efficacy, and health-related quality of
life (Figure S13 in Multimedia Appendix 1). In particular, the
total FSMC fatigue score (p=0.66; P=.002) and the PHQ-8 score
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for depression (p=0.73; P<.001) demonstrated a positive
correlation with the BHADP score. The EQ-5D-5L score for
health-related quality of life (p=—0.60; P<.001) and the GSE
self-efficacy score (p=-0.67; P<.001) exhibited a negative
correlation with the BHADP score. Multivariable,
confounder-adjusted regression analyses (Table 2) confirmed
the positive relationships of the PHQ-8 (3 coefficient=0.90,
95% CI 0.56-1.2) and FSMC (3 coefficient=0.16, 95% ClI
0.07-0.25) scores with the BHADP score. In other words, an
elevated depressive state and increased fatigue were
independently associated with anincreasein the barriersto PA.
Similarly, the adjusted regression analyses substantiated the
negative relationships of the EQ-5D-5L ([ coefficient=—17,
95% Cl -23 to -11) and GSE (B coefficient=—0.49, 95% ClI
-0.72 to —0.25) scores with the BHADP score. This suggests
that higher health-related quality of life and increased
self-efficacy are independently associated with a reduction in
the barriersto PA. The regression models were re-estimated on
the complete cases data set as a sensitivity anaysis (Table 4
in Multimedia Appendix 1), which did not change the results
substantially.
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Table 2. Linear regression analyses with the Barriers to Health Promoting Activities for Disabled Persons (BHADP) scale score as outcome.
Confounder-adjusted unstandardized linear regression model s to assess the association of the BHADP score (dependent variable) with the 8-item Patient
Health Questionnaire depression scale (PHQ-8), Fatigue Scale for Motor and Cognitive Functions (FSMC), EQ-5D-5L, and General Self-Efficacy Scale
(GSE) scores (independent variables), based on the imputed data set (n=45). Notably, as the 3 coefficients were not standardized, they are not directly

comparable across the different regression analyses.

Characteristic BHADP score vs PHQ-8 BHADPscorevsFSMCscore  BHADP scorevs EQ-5D-5L  BHADP score vs GSE score
score score
B coefficient Pvaue P coefficient Pvalue [ coefficient Pvaue P coefficient P value
(95% ClI) (95% Cl) (95% CI) (95% Cl)

Intercept 29 (19to0 39) <.001 26 (130 39) <.001 54 (43 to 65) <.001 50 (3810 62) <.001

Age -0.07(-0.25t0 .40 -0.01(-0.22t0 .90 -0.02(-0.20t0 .80 -0.01(-0.20t0 .93
11) 0.19) 0.16) 0.19)

Sex

Female _a N/AP — N/A — N/A — N/A
Male 0.96(-2.2t04.1) .50 1.7(-18t052) .30 13(-1.7t04.3) .40 22(-11to55) .20

BMI -0.13(-0.39t0 .30 -0.23(-052t0 .11 -0.34(-0.59t0 .008 -0.16 (-0.45t0 .20
0.13) 0.06) -0.09) 0.12)

MSS duration -0.12(-0.28t0 .14 -0.12(-0.30t0 .20 -0.15(-0.31t0 .06 -0.13(-0.31t0 .15
0.04) 0.07) 0.01) 0.05)

EDSS score 0.52 (-0.65to 40 0.18(-1.1t015) .80 -0.95(-2.1t0 A1 -0.18 (-1.4 to .80
1.7) 0.23) 1.1)

PHQ-8 score 0.90(0.56t01.2) <.001 N/A N/A N/A N/A N/A N/A

FSMC score N/A N/A 0.16 (0.07 to <.001 N/A N/A N/A N/A

0.25)
EQ-5D-5L score N/A N/A N/A N/A -17(-23to-11) <.001 N/A N/A
GSE score N/A N/A N/A N/A N/A N/A -049 (-0.72t0  <.001
-0.25)
8Reference category.

ON/A: not applicable.
°™MS: multiple sclerosis.
9EDSS: Expanded Disability Status Scale.

Furthermore, we eval uated the rel ationships between 4 different
PA outcome measures and the BHADP score by means of
univariate and multivariable linear and logistic regressions
(Table 3). The multivariable regressions were adjusted for the
confounding variables age, sex, MS duration in years, and
continuous forms of EDSS and BMI, assessed at baseline
(regression detail s not shown). Overal, the dichotomized median
step counts outcome (<10,000 or =10,000 steps/d; models 1, 2,
and 3) and the dichotomized median cumulative minutes in
MVPA outcome (<150 or 2150 min MV PA/wk; models 7, 8,
and 9) did not revea statistically significant relationships with
the total BHADP score. Similar results were observed in
sensitivity analyses using a dichotomized median step counts
outcome based on a cutoff of <7000 or =7000 steps per day
(Table S5 in Multimedia Appendix 1). By contrast, the
conti nuous outcomes median step counts and median cumulative
minutesin MV PA exhibited statistically significant relationships
with the BHADP score but only after additional adjustment for
analysis baseline (ie, end of rehabilitation) step count (models
5 and 6) and MVPA levels (models 11 and 12), respectively.
This suggests that an increase in median daily step counts and
in median weekly cumulative minutes in MVPA were

https://rehab.jmir.org/2024/1/e52733

independently associated with areduction inthe barriersto PA.
Specifically, a 1-unit increase in the BHADP score was
associated with 218.84 (95% CI 50.86-386.82; model 5) and
210.27 (95% Cl 39-381.54; model 6) fewer steps per day.
Likewise, a 1-unit increase in BHADP score was associated
with 15.04 (95% Cl 1.1-28.99) and 14.41 (95% Cl 0.1-28.72)
fewer weekly MVPA minutes. Sensitivity analyses based on
complete cases (Table S6 in Multimedia Appendix 1) and on
PA data collected during the penultimate study week instead of
the last study week (imputed and complete cases data; Table
S7inMultimedia Appendix 1) resulted in very similar findings,
except that the continuous outcome—based linear regression
analyses for weekly cumulative MV PA minutes did not exhibit
statistically significant relationships with the BHADP score.
Moreover, sensitivity analyses based on PA data collected during
the penultimate study week revealed a lower decrease in the
step count per day per 1-unit increase in the BHADP score. In
the case of the imputed data, a 1-unit increase in the BHADP
scorewas associated with 196.01 (95% CI 38.74-353.27; model
5) and 190.09 (95% CI 29.26-350.91; model 6) fewer steps per

day.
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Table 3. Imputed linear regressions with physical activity as outcome. Univariate and confounder-adjusted (ie, age, sex, multiple sclerosis duration in
years, and continuous forms of Expanded Disability Status Scale and BMI assessed at baseline) multivariable regression modelsto eval uate the association
of physical activity assessed during the last week of the study with the Barriers to Health Promoting Activities for Disabled Persons scale assessed at
the end of the study, based on the imputed data set (n=45).

Models Univariate imputed data analysis

Multivariable imputed data analysis®

Last week of the study

1. 210,000 steps/d®
Odds ratio (95% Cl) 0.93 (0.82t0 1.06)
P value .29
2. 210,000 steps/d controlled for steps/d at the end of therehabilitation
Odds ratio (95% CI) 0.86 (0.73t0 1.02)
P value .09
3. 210,000 steps/d controlled for steps/d and barriersscore at the end of the rehabilitation

Oddsrratio (95% Cl; P value) 0.87 (0.71 to 1.05)
P value 14
4. Steps/d
B coefficient (95% Cl) -48.32 (-259.08 t0 162.44)
P value .65

5. Steps/d controlled for steps/d at the end of therehabilitation

B coefficient (95% CI) -164.28 (-321.17 to —7.38)°
P vaue .04
6. Steps/d controlled for steps/d and barriersscore at the end of the rehabilitation
B3 coefficient (95% ClI) -151.92 (-307.87 t0 4.04)
P value .06

7. 2150 min of MVPA%Ywk®

Odds ratio (95% Cl) 0.97 (0.87 t0 1.08)
P vaue .59
8. 2150 min of MVPA/wk controlled for min of MVPA/wk at the end of the rehabilitation
Odds ratio (95% CI) 0.94 (0.82t0 1.07)
P value .34

0.88 (0.74 t0 1.04)
14

0.82 (0.67 to 1.00)
.05

0.86 (0.69 to 1.06)
15

-69.43 (—275.33 to 136.47)
.50

-218.84 (—386.82 to —50.86)

.01

-210.27 (—381.54 to —39.00)
02

0.97 (0.86 t0 1.11)
67

0.95 (0.81 to 1.12)
52

9. =150 min of MV PA/wk controlled for min of MVPA/wk and barriersscoreat the end of therehabilitation

Odds ratio (95% Cl) 0.95(0.82t0 1.09)
P value A4
10. Min of MVPA/wk

B3 coefficient (95% CI) -8.67 (-24.07t0 6.72)
P value .26
11. Min of MVPA/wk controlled for min of MVPA/wkK at the end of the rehabilitation
B coefficient (95% Cl) -11.64 (-24.92 t0 1.65)
P vaue .08

0.95 (0.81 t0 1.13)
58

-12.19 (-27.2810 2.9)
A1

~15.04 (—28.99 to —1.1)
04

12. Min of MVPA/wk controlled for min of MVPA/wk and barriers score at the end of the rehabilitation

B coefficient (95% CI) -10.85 (—24.26 t0 2.56)
P value A1

~14.41 (-28.72 t0 —0.1)
048

8Adjusted for age, sex, BMI, multiple sclerosis duration, and Expanded Disability Status Scale.
bSteps/d corresponds to the mean number of steps per day and per individual.
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Cstatistically significant effect sizes (P<.05) are marked in italics.
dMVPA: moderate to vigorous physical activity.
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eMin of MVPA/wk corresponds to the sum of minutes of MVPA during the week.

Discussion

Principal Findings

We found that persons with MS with different levels of PA do
not face the same barriersto engage in PA. Less active persons
with MS express a greater need for general as well as family
and friends' support and empowerment to engage in PA. We
tested the construct validity of the BHADP scale and found it
suitable for use in persons with MS. In addition to evaluating
barriers to PA, the scale reflects common MS symptoms such
as fatigue and depression, as well as self-efficacy and
health-related quality of life. Moreover, an increase in
sensor-measured PA level was associated with a decrease in
barriersto PA.

Comparison With Prior Work

Overdll, our findings are well aligned with previous studies. On
the basis of longitudinal electronic surveys and Fitbit
measurements in 45 participants, this study investigated the
validity and usefulness of the BHADP score to explain
real-world PA barriers and their consequences for
sensor-measured PA among persons with MS.

We observed that less active persons with MS (<10,000
sensor-measured steps/d) were more likely to have signs of a
more advanced disease stage, including alonger MS history, a
higher EDSS score, and a higher proportion of
secondary-progressive  MS cases. Consistently, a recent
Australian study observed lower PA levelsamong personswith
MS with more severe symptoms [49]. The less active group
also reported higher fatigue levels, as indicated by the FSMC
score. Thisfinding isconsistent with arecent study that observed
an associ ation between increased fatigue and decreased PA [50].
Although many MS-related symptoms and impairments are
only minimally modifiable, fatigue can be mitigated to some
extent by pharmacological and nonpharmacol ogical measures;
for example, in disease management programs, persons with
MS learn strategies to better manage their fatigue by adapting
their daily routines to match the pattern of their fatigue [51].
Personswith M S can a so gain asense of empowerment through
coaching and become better able to exert control over their
energy levels[51]. PA can also positively influence fatigue [3]
and health-related qudlity of life[52] onceinitia fatigue barriers
have been overcome. Along similar lines, asubset of participants
(7/33, 21%) inthe less active group exhibited high PHQ-8 scores
that are suggestive of severe depression, whereas none in the
active group did. Most likely, thisfinding suggeststhat persons
with depressive symptoms may struggle more often to be
physically active. Nonethel ess, several meta-analyses provided
initial evidencethat PA hasthe potential to decrease depression
symptomsin persons with MS [53-56].

Furthermore, we found that the BHADP items Not interested
in PA and Impairment were positively correlated—anoteworthy
finding from a care management perspective. |mpairments may
reduce mativation for PA, which further decreases engagement

https://rehab.jmir.org/2024/1/e52733

in PA and leadsto avicious cycle [50]. The important effect of
MS-related symptoms as PA barriers was further underscored
in a multivariable regression anaysis of validated
patient-reported outcomes for fatigue, depression, lack of
self-efficacy, and health-related quality of life on the BHADP
score.

Moreover, the less active group reported not being sufficiently
helped by their families and friends, whereas the active group
generaly did not cite a lack of assistance as a major barrier.
These observations are corroborated by another study, which
highlighted a positive relationship between the amount of
support from relatives and the level of PA [57].

Study participants reported the weather as both a limiting and
afacilitating factor for PA intheir weekly free-text assessments.
Although the weather is not amodifiable element, personswith
MS may benefit from advice on physical activities for rainy,
snowy, and hot weather, as well as digital tools such as
app-based personalized PA prescriptions for indoor exercises
and activities [58].

Finally, our study also offersinsights on amethodological level
into best practices for sensor-based PA monitoring and PA
barrier detection. Specifically, daily step count exhibited an
inverse association with the BHADP score but only after
adjustment for baseline step count levels. Thisfindingisinline
with previousliterature, which has also described arelationship
between adecreasein step count and anincreaseinthe BHADP
score[26]. By contrast, dichotomized analysis outcomes on the
basi s of the World Health Organization recommendation of 150
minutes of MV PA per week or the widely accepted threshold
of 10,000 steps/d performed poorly in our analysis, likely in
part owing to the loss of information through dichotomization.
These observations suggest that intraindividual changesin PA
may be more meaningful measures of PA barriersthan absolute
thresholds. Moreover, recent literature also suggests that PA
<10,000 steps/d can improve health [10,59]. Therefore, we
conducted a sensitivity analysis with a dichotomized threshold
of 7000 steps/d, which did not materially alter our conclusions
[10]. Accordingly, it may be more beneficial to monitor
longitudinal within-person PA changes rather than goals set at
fixed values.

Limitations

Several limitations should be noted about this study. First, the
sample size of the BarKA-MS study was restricted by
recruitment potential and feasibility. Our analyses of the
association between the BHADP score and the PA level may
have been underpowered. The use of dichotomized outcomes
in certain regressions further exacerbated the problem. In
addition, through the aggregation of the Fitbit data at the daily
level, PA fluctuations were missed [60]. PA at the daily level
could reveal PA patterns, thus being more informative to better
support persons with MS in PA engagement. Moreover,
motivated by the explorative nature of the study, the analyses
were not corrected for multiple testing. The BHADP scale was
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used to ascertain barriersto PA in persons with MS. However,
the PA level is inevitably also influenced by the state of the
disease. Therefore, it is highly likely that the items of the
BHADP scale reflect both disease- and barrier-related
differences simultaneously. In addition, we cannot exclude that
personal interactions between persons with M S and staff at the
rehabilitation clinic may have impacted perceived barriers also
in the home setting (eg, through motivation or specific
suggestions for home exercises). Furthermore, by ng PA
variation 4 weeks after a rehabilitation stay, our results are not
representative of the long-term effect of arehabilitation program
on PA. Owing to the recruitment setting and the eligibility
criteria applied, our results are not generalizable to the entire
population of persons with MS in Switzerland. Finaly, the
presence of an on-site study coordinator during the completion
of the baseline surveys and the surveys at the end of the
rehabilitation stay may have led to information bias, especially

Sieber et &

depression, walking ability, fatigue, health-related quality of
life, pain, and self-efficacy).

Conclusions

In summary, our data underscore the detrimental effect of
common M S symptoms, including fatigue and depression, along
with lifestyle and motivational barriers, on PA. Overcoming
such barriers, particularly through more effective M S symptom
management, may promote more active, healthier lifestyles.
Furthermore, greater social support from family and friends
could facilitate PA engagement in persons with MS. The
involvement of close family members and friends in the care
process might be a means to increase their support. Our study
demonstrates that the BHADP scale is a vaid and reliable
instrument for assessing barriers to PA among persons with
MS. Because of its association with the PA level of persons
with MS, we encourage future use of the BHADP scale in

combination with wearabl e fitness trackers to monitor and better
support engagement in PA among persons with MS.

in the well-being—related questionnaires (ie, barriers to PA,
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Abstract

Background: Parkinson disease (PD) isreported to be among the most prevalent neurodegenerative diseases globally, presenting
ongoing challenges and increasing burden on health care systems. In an effort to support patients with PD, their carers, and the
wider health care sector to manage this incurable condition, the focus has begun to shift away from traditional treatments. One
of the most contemporary treatments includes prescribing assistive technologies (ATs), which are viewed as a way to promote
independent living and deliver remote care. However, the uptake of these ATsis varied, with some users not ready or willing to
accept all forms of AT and others only willing to adopt low-technology solutions. Consequently, to manage both the demands
on resources and the efficiency with which ATs are deployed, new approaches are needed to automatically assess or predict a
user’slikelihood to accept and adopt aparticular AT beforeit is prescribed. Classification algorithms can be used to automatically
consider the range of factors impacting AT adoption likelihood, thereby potentially supporting more effective AT allocation.
From a computational perspective, different classification algorithms and selection criteria offer various opportunities and
challenges to address this need.

Objective: Thispaper presentsanovel hybrid multicriteria decision-making approach to support classifier selection in technology
adoption processes involving patients with PD.

Methods: First, theintuitionistic fuzzy analytic hierarchy process (IF-AHP) was implemented to calcul ate the relative priorities
of criteriaand subcriteria considering experts’ knowledge and uncertainty. Second, the intuitionistic fuzzy decision-making trial
and evaluation laboratory (IF-DEMATEL) was applied to evaluate the cause-effect relationships among criteria/subcriteria.
Finally, the combined compromise solution (CoCoSo) was used to rank the candidate classifiers based on their capability to
model the technology adoption.

Results: We conducted a study involving a mobile smartphone solution to validate the proposed methodology. Structure (F5)
was identified as the factor with the highest relative priority (overall weight=0.214), while adaptability (F4) (D-R=1.234) was
found to be the most influencing aspect when selecting classifiers for technology adoption in patients with PD. In this case, the
most appropriate algorithm for supporting technology adoption in patients with PD was the A3 - J48 decision tree (M;=2.5592).
The results obtained by comparing the CoCoSo method in the proposed approach with 2 alternative methods (simple additive
weighting and technique for order of preference by similarity to ideal solution) support the accuracy and applicability of the
proposed methodology. It was observed that the final scores of the algorithms in each method were highly correlated (Pearson
correlation coefficient >0.8).

Conclusions: The IF-AHP-IF-DEMATEL-CoCoSo approach helped to identify classification algorithms that do not just
discriminate between good and bad adopters of assistive technologies within the Parkinson population but also consider
technology-specific features like design, quality, and compatibility that make these classifiers easily implementable by clinicians
in the health care system.
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Introduction

Background

Advancesin the economy, health care, science, and technology
have significantly influenced demographics. Between 2000 and
2019, global average life expectancy increased by over 6 years
to 73.4 years; however, hedthy life expectancy has not kept
pace [1]. Consequently, the years spent living with illness or
disease have increased, with approximately 1 in 3 adults
suffering from multiple chronic conditions, and 3 in 4 older
adults living with 1 or more chronic conditions [2]. This has
added unsustainable pressure on society’s ability to provide
long-term economic care, promoting a renewed drive for
innovative treatment.

One initiative has been to seek efficiencies in health care
delivery through prescribing assistive technologies (ATS). ATs
typically support health care outside traditional settings, aiding
in remote monitoring of conditions, thereby promoting the
independence of individuals and caregivers. Older users,
however, who tend to be less familiar with technology
advancements, remain hesitant to readily adopt ATs as a
long-term, low-cost replacement for human care. Consequently,
low acceptance rates, along with the requirement to update
prescribed ATs as a condition evolves, remain a significant
challenge to widespread adoption [3].

One mitigation is to preassess adoption likelihood so that the
appropriate solutions are deployed, decommissioned, and
replaced accordingly over time. A research challenge exists to
appropriately identify and develop automated algorithms that
can assess adoption likelihood. This paper investigates this
challenge and extends our previous work, identifying the most
appropriate classification algorithms to support AT assessment
[4,5]. The novelty of this study also lies in the use of an
integrated intuitionistic fuzzy multicriteria decision-making
(MCDM) approach to dealing with this problem. Thisapproach
addresses uncertainty better with the nonmembership function
[6], which hel ps better define the eval uations of decision makers
[7], and minimizes information loss in operations with fuzzy
numbers [8]. Specifically, we used intuitionistic fuzzy analytic
hierarchy process (IF-AHP) to estimate initial criteriaweights,
intuitionistic fuzzy decision-making trial and evaluation
laboratory (IF-DEMATEL) to evaluate interrelations among
criteria, and combined compromise solution (CoCoSo) to rank
classifiers. The study uncovered factors influencing the design
of agorithms that can accurately prescribe AT. The results
highlight scalability, adaptability, and performance as key
criteriaa ongside ease of interpretation for confident deployment
and the use of transparent, white-box algorithms to enhance
usability and acceptance. The paper presents the finding using
a case study considering technology adoption among patients
with Parkinson disease (PD), which is a leading chronic

https://rehab.jmir.org/2024/1/e57940

condition affecting approximately 10 million people, with the
majority of symptoms typcially developing after age 50 [9].

In this paper, we begin by presenting related works to highlight
the opportunities and challenges in this research domain, then
describe the proposed methodological approach. Next, we
present and critique the main findings of our work, and finally
consolidate these observations toward summarizing the main
scientific implications evidenced.

Review of the Literature

Statistical and machine learning (ML) approaches are
increasingly promising in technology adoption modeling
research. In particular, ML isvita in advancing and validating
theoretical frameworks of technology adoption and improving
their predictive power.

The most popular theories for technology adoption are the
Technology Acceptance Model (TAM) and the Unified Theory
of Acceptance and Use of Technology (UTAUT) [10]. Both
TAM and UTAUT suggest that technology use is impacted by
an individua’s behavioural intention to use it. In the TAM, a
person’s attitude to technology, determined by perceived
usefulness and perceived ease of use, is used to measure
intentiontouse[11]. UTAUT buildson this, in addition to other
theoretical frameworks. In UTAUT, four constructs impacting
intention to use are considered: (1) performance expectancy,
(2) effort expectancy, (3) social influence, and (4) facilitating
conditions. UTAUT additionally considers constructs of age,
gender, voluntariness, and experience of use to temper
expectations of intention to use by the individual.

Historically, researchersin technology adoption have considered
3 elements when modeling adoption: users, technology, and
environment. They have constructed these elements within
several frameworks mentioned above. Although frameworks
such as these have made significant inroads in furthering our
understanding of technology adoption, they are not without
limitations. Both TAM and UTAUT have been criticized for
being overly simplistic and focusing on a narrow perspective
of individuals beliefs, perceptions, and usage intention.
Additionally, several studies have highlighted that these theories
no longer contribute new knowledge or understanding to
technology adoption. Therefore, new ways of understanding
technology adoption are required [11].

Recently, technology adoption researchers have highlighted an
additional limitation of frameworks, including TAM and
UTAUT. Specifically, these models have been developed
focusing on explanatory and causal modeling techniques. This
may overlook the nonlinearity and influence of
technology-specific features such as design, quality, or
compatibility [12]. With the rise of the availability of discrete
data sources, such as that generated using digital health
applications, there has been greater interest from the research
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