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Abstract

Background: Asasequela of the COVID-19 pandemic, alarge cohort of critical illness survivors have had to recover in the
context of ongoing societal restrictions.

Objective: We aimed to use smartwatches (Fithit Charge 3; Fithit LLC) to assess changes in the step counts and heart rates of
critical care survivors following hospital admission with COVID-19, use these devices within a remote multidisciplinary team
(MDT) setting to support patient recovery, and report on our experiences with this.

Methods: We conducted a prospective, multicenter observational trial in 8 UK critical care units. A total of 50 participants with
moderate or severe lung injury resulting from confirmed COVID-19 were recruited at discharge from critical care and given a
smartwatch (Fitbit Charge 3) between April and June 2020. The data collected included step counts and daily resting heart rates.
A subgroup of the overall cohort at one site—the MDT site (n=19)—had their smartwatch data used to inform aregular MDT
meeting. A patient feedback questionnaire and direct feedback from the MDT were used to report our experience. Participants
who did not upload smartwatch data were excluded from analysis.

Results. Of the 50 participants recruited, 35 (70%) used and uploaded data from their smartwatch during the 1-year period. At
the MDT site, 74% (14/19) of smartwatch users uploaded smartwatch data, whereas 68% (21/31) of smartwatch users at the
control sites uploaded smartwatch data. For the overall cohort, we recorded an increase in mean step count from 4359 (SD 3488)
steps per day in the first month following discharge to 7914 (SD 4146) steps per day at 1 year (P=.003). The mean resting heart
rate decreased from 79 (SD 7) beats per minute in the first month to 69 (SD 4) beats per minute at 1 year following discharge
(P<.001). The MDT subgroup’s mean step count increased more than that of the control group (176% increase vs 42% increase,
respectively; +5474 stepsvs +2181 steps, respectively; P=.04) over 1 year. Further, 71% (10/14) of smartwatch usersat the MDT
site and 48% (10/21) of those at the control sites strongly agreed that their Fithit motivated them to recover, and 86% (12/14) and
48% (10/21), respectively, strongly agreed that they aimed to increase their activity levels over time.

Conclusions: Thisisthefirst study to use smartwatch datato report on the 1-year recovery of patientswho survived aCOVID-19
critical illness. Thisisalso thefirst study to report on smartwatch use within apost—critical care MDT. Future work could explore
the role of smartwatches as part of a randomized controlled trial to assess clinical and economic effectiveness.

International Registered Report Identifier (IRRID): RR2-10.12968/ijtr.2020.0102
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Introduction

Worldwide, the COVID-19 pandemic has resulted in a large
cohort of patients presenting to critical care units with acute
lung injury requiring protracted ventilatory support. In the
United Kingdom alone, from March 2020 to the time of writing,
atotal of 44,898 patientswith confirmed COVID-19 have been
admitted to critical care[1].

The patients admitted to intensive care were typically male,
were aged over 70 years [2], and spent on average 14 daysin
critical care [3]. Such patients are at significant risk of
postintensive care syndrome [4,5], with studies suggesting that
aconstellation of physical and psychological problemsarelikely
to persist over a protracted period [6,7].

To date, thereisalack of detailed, long-term outcome data for
survivors of COVID-19 critical illness. Furthermore,
rehabilitation has been challenged by social distancing, the
attenuated availability of health care services, the isolation of
survivors from their social support groups, restricted
interventions involving face-to-face treatment, and the closure
of rehabilitation settings in the community.

Smartwatch use has been rapidly growing, especialy over the
last 5 years[8]. Smartwatches primarily rely on the pulse wave
signal derived from a photoplethysmogram [9] to estimate heart
rate. There have been a large number of studies validating
wrist-based heart rate measurementsin diverse settings[10-14],
and several studies have shown that wrist-based wearables
provide useful estimates, especially those for resting and low
heart rates [15,16]. Fithit watches use patented
photopl ethysmogram technology (PurePulse; Fitbit LLC) [17]
and have shown reasonable performance and accuracy
[12-15,18]. Similarly, Fitbit-estimated, wrist-based step counts
have been acceptably accurate in free-living settings, though
less so when users exercise vigoroudly [19]. There is an
emerging research base on the health care applications of
smartwatches [20], including the surveillance of influenza
symptoms [21], the identification of atria fibrillation [22],
chronic airway disease management [23], cardiac rehabilitation
[24], and presurgical optimization [25]. In rehabilitation
medicine, the use of smartwatch technology provides the

https://rehab.jmir.org/2022/2/e25494

possibility of observing the recovery of patients remotely and
aiding recovery via detailed, rea-time data [26]. Qualitative
data suggest that these devices can motivate patients to recover
[27]. Although the use of smartwatch devices is evolving and
increasing [20], their routine use in this way remains limited.

Thisstudy aimed to (1) use smartwatches (Fitbit Charge 3; Fitbit
LLC) to monitor changes in the step counts and heart rates of
a cohort of participants who survived an admission to critical
care during the first wave of the COVID-19 pandemic (April
to June 2020) and (2) explore the use of these devices within a
rehabilitation setting and report on our experiences with this.

Methods

Ethics Approval

Ethical approval was granted by Health Research Authority and
Health and Care Research Wales (Yorkshire & The Humber —
Bradford L eeds Research Ethics Committee reference number:
20/YH/0157 IRAS 280041).

Recruitment

Study Design and Setting

We conducted a prospective, multicenter observational trial in
UK critical care units. The original protocol for this study was
published previously [28].

Participants

A total of 50 participants were recruited from 8 UK hospitals
in South East England (Figure 1). Adult participants who
required invasive positive pressure ventilation or noninvasive
ventilation and experienced at |east moderate lung injury, which
was defined as an arterial oxygen partial pressure to fractional
inspired oxygen ratio of £26.6 kPa[29], asaresult of confirmed
COVID-19 wererecruited. The exclusion criteriawere few and
primarily included the lack of adevice that was able to host the
Fitbit app. The sample size was determined at study inception
based on feedback from medical teamsin critical careunitsand
based on the current size of their casel oadsthat met theinclusion
criteriaand werein linewith other feasibility studiesof asimilar
nature [24-27,30].
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Figure 1. Recruitment sites for COVID-OR. "MDT Site" indicates participants who receive remote monthly support from the multidisciplinary team
based on their smartwatch data. All other sites are control sites. COVID-OR: Coronavirus Disease-Observation of Recovery; MDT: multidisciplinary

team; NHS: National Health Service.
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Smartwatch Data

At each site, participants were approached at or shortly after
discharge from higher dependency care between April and June
2020. Participantswererecruited by aphysiotherapist or critical
care physician. Each site had alocal research team for recruiting
participants and setting up the smartwatches. Participants were
assigned an anonymized study reference | D number, which was
used for all data collection procedures. Demographic datawere
collected for each participant. For the purposes of sample
characterization, further data were collected regarding the
comorbidities and treatments received during participants
critical care admission (including the severity of lung injury,
the length of stay, and the respiratory support and other organ
support received).

Fitbit Charge 3 watches were given to each patient and linked
to their anonymized study reference ID numbers. Data were
synced to the Fitbit app and then periodically downloaded to a
central study database. Participants were asked to wear their
smartwatch for as long as they felt able and to ideally aim to
use the smartwatch continuously. Participants were given a
contact number for a member of the research team that they
could use to obtain help for using their smartwatch.

The smartwatch data extracted included daily step count and
daily resting heart rate in beats per minute, which was defined
as the lowest mean heart rate recorded during a period of
inactivity of at least 30 minutes [31]. Further descriptions of
the methods via which these smartwatches collect these data
areincluded in Multimedia Appendix 1.

https://rehab.jmir.org/2022/2/e25494
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Smartwatch Usability and Use Within the
Multidisciplinary Team

At one site, which was called the MDT site (Figure 1), targeted
multidisciplinary team (MDT) meetings (including critical care
doctors, physiotherapists, occupational therapists, and a nurse)
were held monthly for a subset of the overall cohort. These
patients had their individual smartwatch data interrogated and
reviewed by the MDT each month, and the physiotherapy team
used these meetings to determine future exercise plans and
rehabilitation goals. A member of the MDT contacted the
patients before and after the meetingstoinformthe MDT about
patients. Afterward, feedback was provided to patients with
identified issues, and adaptations to rehabilitation plans were
agreed on by patients and the MDT (Figure 2). Feedback from
members of the MDT was used to assess the feasibility of
incorporating smartwatch devices into the post—critical care
rehabilitation MDT.

At all other sites (control sites), usua follow-up care was
provided without feedback based on the smartwatch data and
without MDT intervention.

One-year follow-up visits were completed by a member of the
research or physiotherapy team at each site. These were
primarily completed viaface-to-face or tel ephone appointments.
A patient feedback questionnaire (M ultimedia A ppendix 2) was
completed at this point, and a review of perceptions on using
the smartwatches was conducted to assess usability.
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Figure 2. The smartwatch-enabled MDT model. HR: heart rate; MDT: multidisciplinary team; OT: occupational therapist; PT: physiotherapist.
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Adherence

Smartwatch use was defined as participants using their watch
for aminimum of 1 month. A month was included for analysis
if therewere over 10 days of datafor that month. A dataset was
considered completeat 1 year if there were datafor every month
of the year. Patients were considered adherent if they used their
smartwatch for any month and were excluded from analysis
when there were no data uploaded for any month. Participants
were included for comparative analysis at 1 year if data for
month 1 and month 12 were present.

Statistical Analysis

All data were analyzed using R (version 4.0.5; R Foundation
for Statistical Computing), and raw data were collected in
Microsoft Excel.

P values were calculated to determine statistical significance,
and actual valueswereincluded in analyses unless P was <.001.
Data were tested for normality via Shapiro-Wilk testing, and
significance was tested by using a 2-tailed Student t test.

Patient and Public I nvolvement

Feedback based on patients’ experienceswith therecovery from
critical illnesswasincorporated via patient research champions
to inform the design of thisstudy. The COVID-OR (Coronavirus

https://rehab.jmir.org/2022/2/e25494

RenderX

Disease-Observation of Recovery) study steering group had 2
previous patients on the panel that helped to tailor this study to
patients preferences, and the steering group will help
disseminate the results via a patient network of critical care
survivors.

Results

Sample Characterization

The participants who were recruited across sites in South East
England totaled 50. The smartwatch users who were included
for analysis totaled 35 participants (MDT site: n=14; control
sites: n=21).

For the full cohort, the mean age was 57 (SD 10) years (Table
1), 74% (26/35) of participants were of White ethnicity, and
54% (19/35) had at least 1 comorbidity. The mean length of
critical care stay was 18 (SD 16) days, and the mean length of
hospital stay was 30 (SD 20) days. There were no statistically
significant differences in age (P=.22), comorbidities (P=.35),
and the length of critical care stay (P=.37) or hospital stay
(P=.46) between the MDT and control groups. Similarly, there
were no statistically significant demographic differences
between smartwatch users (n=35) and nonusers (n=15;
Multimedia Appendix 3).
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Table 1. Demographic comparison of multidisciplinary team (MDT) site—supported participants and control site-supported (all other sites) participants.

Characteristic MDT site participants (n=14)  Control site participants (n=21)
Age (years), mean (range) 61 (49-73) 57 (35-77)
Ethnicity, n

White (English, Irish, and any other White background) 9 17

Asian and Asian British (Indian, Pakistani, Bangladeshi, Chinese, andany 4 3

other Asian background)

Black, African, Caribbean, and Black British (any other Black, African,or 1 1

Caribbean background)
ICD-10? comorbidities, n

None 7 9

Hypertension 4 7

Asthma 3 5
Admission weight (kg), mean (range) 84 (53-106) 96 (65-150)
Length of stay (days), mean (range)

Intensive care unit 17 (5-36) 21 (6-67)

Hospital 28 (15-49) 33(10-97)

% CD-10: International Classification of Diseases, Tenth Revision.

Smartwatch Data

Step Count

Thefull cohort had an average of 4359 (SD 3488) steps per day
in the first month following discharge. At 1 year, this had
increased to an average of 7914 (SD 4146) steps per day
(P=.003). Participants had increased their mean step count by
37% (+1630 steps; P=.04) from 0 to 3 months following

https://rehab.jmir.org/2022/2/e25494

RenderX

discharge. At 12 months, the mean step count increased by 82%
(+3555 steps; P=.003) when compared with that for month O.

MDT site participants’ mean step count increased more than
that of the control site participants (176% increase vs 42%
increase, respectively; +5474 stepsvs +2181 steps, respectively;
P=.04) over 1 year. However, the MDT group was less active
than the control site group in thefirst month (3107 stepsvs 5133
steps), and increases were similar between the two groups until
month 12 (8581 steps vs 7314 steps, Figure 3).
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Figure 3. Monthly step counts and heart rates after hospital discharge for MDT-supported participants (blue line: mean; light-blue area: SD) and
non-MDT, control site-supported participants (red line: mean; light-red area: SD). MDT: multidisciplinary team.
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Daily Resting Heart Rate

Heart rates averaged 79 (SD 7) beats per minute in the first
month following discharge and 69 (SD 4) beats per minute at
1 year following discharge for the full cohort. Participants had
areduction in mean heart rate of 7% (-6 beatsminute; P<.001)
at 3 months after data collection and atotal reduction in mean
heart rate of 13% (-10 beatminute) by 12 months (P<.001;
Figure 3). There was no significant difference in heart rate
reductions between MDT site (-11 beats/minute; 14% reduction)
and control site (—8 beats/minute; 10% reduction) participants
over the 1-year period (P=.22).

Smartwatch Usability and Use Within the MDT

The 1-year review questionnaire revealed that 91% (32/35) of
smartwatch users agreed or strongly agreed that their smartwatch
was easy to use, 80% (28/35) felt that smartwatches helped
them and motivated them to recover, and 83% (29/35) aimed
toincreasetheir activity level over time (Figure 4). Participants

https://rehab.jmir.org/2022/2/e25494

at the MDT site reported more frequently that they used their
smartwatches to help them increase their activity over time
(10/14, 71%) and felt that their smartwatch provided more
motivation to recover (12/14, 86%) when compared with the
control site participants (10/21, 48% and 10/21, 48%,
respectively; Multimedia Appendix 4).

In the cohort whose smartwatch data were used to inform the
rehabilitation MDT, a sudden reduction in step count among 3
separate participants raised a concern that could be addressed
by the MDT. These participants initially received a telephone
call to enquire about this reduction in step count. They were
then referred to specialist services as required. This prompted
the rapid recognition of specific patient problems prior to the
patients self-reporting the problem to a clinician. Examples of
such problemsinclude acute joint inflammation and myocardial
ischemia. Further feedback from the MDT members suggested
that participants in the MDT subgroup felt supported and
reassured by the observations of the clinical team, and this
positively improved participants’ recovery.
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Figure 4. Smartwatch review questionnaire (n=35).
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Adherence

The adherence rates for smartwatch use were 70% (35/50) in
the overall cohort, 74% (14/19) in the MDT group, and 68%
(21/31) at the control site (Table 2). Of the 35 participants
included for analysis, 12 (34%) had a complete data set with
activity data and heart rate recorded for every month of the

Table 2. Comparison of smartwatch users and nonusers by site.
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1-year period. Further, 25 patients had datafor thefirst and last
months of this study. For the 23 participants with incomplete
data sets, the average number of months with data was 7 for
both step count and heart rate. Additionally, 2 watches failed
and were returned to the manufacturer, and 1 watch strap broke,
which rendered a user unable to wear their watch until another
was provided.

Characteristic Overall cohort (N=50) Multidisciplinary team site participants  Control site participants
(n=19) (n=31)

No smartwatch use (excluded from analysis), n (%) 15 (30) 5(26) 10 (32)

Adherent to smartwatch use, n (%) 35 (70) 14 (74) 21 (68)

Complete data set at 1 year, n (%) 12 (24) 4(21) 8(26)

Discussion

Principal Findings

This multicenter study demonstrated that smartwatches can be
used to observe asignificant increase in participants' daily step
counts over a 12-month recovery period from
COVID-19-induced critica illness. This study aso provides
information on the use of a remote critical care rehabilitation
MDT that used smartwatch data to support patient recovery.
Smartwatches were perceived to be user-friendly, were well
tolerated, and added value by providing rapid feedback to the
MDT. On 3 occasions, the smartwatch data provided actionable
datato the MDT that triggered referrals to other specialties.

Participants were discharged from hospitals after critical care
admissions and significant deconditioning, and step countswere

https://rehab.jmir.org/2022/2/e25494
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well bel ow those of active adults (8000 to 10,000 steps per day)
[32,33] and those found to be associated with a decreased risk
of al-cause mortality [34]. Capturing this trgectory of
improvement via the smartwatches provided data that suggest
physiological recovery and are reassuring for patients with
severeillness.

This study demonstrated that smartwatches can allow monitoring
of physica activity remotely, though a considerable number of
participants, despite perceiving their devices to be easy to use,
did not use them regularly. This presents a limitation to this
study but also adds important information to critical care
rehabilitation literature, and future studies might need to include
a similar dropout rate when using smartwatches in a similar
cohort or ng a smartwatch intervention. Our smartwatch
usage rates are broadly similar to those of previous studies
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[35,36], though there were no identified studies with a similar
cohort that allowed for direct comparisons of use.

Device use was similar between the MDT site and control sites
and suggested that some participants were not motivated to use
their smartwatch despite regular reminders from a member of
the MDT. The reasons for inadequate data included the
infrequent use of the smartwatch; hardware failure; the failure
to sync data despite participants using the watch; and lastly,
participants not wearing the device at night.

Although the quantitative results suggested limited differences
between the MDT subgroup and control groups, the feedback
from participant feedback questionnaires suggested an increased
perception that the smartwatches provided motivation for
recovery and for increasing activity levelsover timeintheMDT
site group. Further, while we acknowledge that recovery is a
complex phenomenon and that, similarly, an MDT isacomplex
intervention, these responses might provide insight into an
intervention group that could be encouraged to become fitter
viathe use of smartwatches.

Comparison With Prior Work

Although the use of smartwatches is increasing [20] and the
adoption of digital technology during the COVID-19 pandemic
has become widespread [37], many related studies adopt
technology for diagnosis [38], surveillance [39], and the
prevention of disease, with few targeting technology for
rehabilitation, empowerment, or patients engagement with
rehabilitation. To our knowledge, this is the first study of its
kind to use smartwatches in this way for COVID-19 survivors.
One study [40], which is in the early recruitment phase, is
looking to evaluate the feasibility of delivering a remotely
monitored rehabilitation program for critical care survivorswith
COVID-19.

Therearelimited reports of 1-year outcome datafor post—critical
care survivors with COVID-19. However, data from 1-year
outcome studiesarein line with our data, and such studies have
reported significant recovery from COVID-19ilIness[41], a beit
in survivors who vary widely in terms of disease severity.

Strengths and Limitations

First, the resource limitations involved in recruitment during
the first wave of aglobal pandemic resulted in little data being

Acknowledgments
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available regarding the number of patients who were initially
approached but declined to participate in this study. Centers
approached as many participants astheir resources allowed, and
despite our demographic data suggesting that our participant
samples were representative of the critical care population at
thetime, the little datawe have regarding the number of initially
approached participants and those who declined to participate
may limit the generalizability of our results.

Second, in a multicenter observational study using wearable
technology during apandemic, missing dataareinevitable. The
management of these missing data was challenging and was
carefully considered. We believe that our data, which were
collected for at least 10 days in a given month, were
representative of the sample, especially given the high sampling
frequency (amount of data collected per minute) of the
Ssmartwatches.

Future Directions

This study explored the use of asmartwatch-enabled MDT, and
the next steps should beto robustly assessclinical effectiveness
and cost-effectiveness in an adequately powered randomized
controlled trial. The analysis of patients’ perceived recovery
and smartwatch-assessed activity levelsin alarger study would
also provide further insight into the use of smartwatch devices.
Overall, this smartwatch-assisted approach could lend itself to
other clinical contexts where physical optimization is crucial,
such as perioperative settings for those undergoing major
surgery.

Conclusion

Smartwatches can be used to observe an increase in activity
among patients following hospital admission with COVID-19
critical illness. The observed trend in daily step counts was
encouraging, given the severity of the illness and the level of
deconditioning at hospital discharge. Though a considerable
number of participants did not use their smartwatches as
intended, the technol ogy was used to support the care delivered
to participantsin aremote MDT setting and was able to detect
significant changes in activity levels. Further work is required
to assesstheclinical effectivenessand cost-effectiveness of this
intervention and whether it can result in improved patient
outcomes and quality of life.
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Abstract

Background: Exergames are increasingly being used among survivors of stroke with chronic upper extremity (UE) sequelae
to continue exercising at home after discharge and maintain activity levels. The use of virtual reality exergames combined with
atelerehabilitation app (VirTele) may be an interesting alternative to rehabilitate the UE sequelae in survivors of chronic stroke
while alowing for ongoing monitoring with aclinician.

Objective: This study aimed to determine the feasibility of using VirTele in survivors of chronic stroke at home and explore
the impact of VirTele on UE motor function, quantity and quality of use, quality of life, and motivation in survivors of chronic
stroke compared with conventional therapy.

Methods: This study was a 2-arm feasibility clinical trial. Eligible participants were randomly alocated to an experimental
group (receiving VirTele for 8 weeks) or acontrol group (receiving conventional therapy for 8 weeks). Feasibility was measured
from the exergame and intervention logs completed by the clinician. Outcome measurements included the Fugl-Meyer
Assessment-UE, Motor Activity Log-30, Stroke Impact Scale-16, and Treatment Self-Regulation Questionnaire-15, which were
administered to both groups at four time points: time point 1 (T1; before starting the intervention), time point 2 (after the
intervention), time point 3 (1 month after the intervention), and time point 4 (T4; 2 months after the intervention).

Results. A total of 11 survivors of stroke were randomized and allocated to an experimental or a control group. At the onset of
the COVID-19 pandemic, participants pursued the allocated treatment for 3 monthsinstead of 8 weeks. VirTeleintervention dose
was captured in terms of time spent on exergames, frequency of use of exergames, total number of successful repetitions, and
frequency of videoconference sessions. Technical issues included the loss of passwords, internet issues, updates of the system,
and problems with the avatar. Overall, most survivors of stroke found the technology easy to use and useful, except for 9% (1/11)
of participants. For the Fugl-Meyer Assessment-UE and Motor Activity Log-30, both groups exhibited an improvement in >50%
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of the participants, which was maintained over time (from time point 3 to T4). Regarding Stroke Impact Scale-16 scores, the
control group reported improvement in activities of daily life (3/5, 60%), hand function (5/5, 100%), and mobility (2/5, 40%),
whereas the experimental group reported varied and inconclusive results (from T1 to T4). For the Treatment Self-Regulation
Questionnaire-15, 75% (3/4) of the experimental group demonstrated an increase in the autonomous motivation score (from T1
to time point 2), whereas, in the control group, thisimprovement was observed in only 9% (1/11) of participants.

Conclusions: The VirTeleintervention constitutes another therapeutic alternative, in addition to conventional therapy, to deliver

an intense personalized rehabilitation program for survivors of chronic stroke with UE sequelae.

International Registered Report Identifier (IRRID):

RR2-10.2196/14629

(JMIR Rehabil Assist Technol 2022;9(2):€33745) doi:10.2196/33745

KEYWORDS

stroke; rehabilitation; virtual reality; video games; telerehabilitation; upper extremity; motivation; mHealth; mobile health;

personalized care; stroke rehabilitation

Introduction

Background

Many survivors of stroke experience sequelae in the upper
extremity (UE; eg, weakness, loss of coordination, and nonuse
syndrome) [1], which may affect activities of daily living inthe
long term [2]. Exergames are increasingly being used among
survivors of stroke for different functional skills (eg, physical
activity, UE exercises, mobility, and balance) in various practice
settings (eg, rehabilitation centers, hospitals, clinics, community
health centers, and homes) [3]. Given the chronic nature of
stroke, exergames present a relevant solution to continue
exercising at home after dischargeto maintain physical function
and activity levels.

Exergames: Types and Efficacy

Two main types of exergames have been described in the
literature: commercialy available off-the-shelf systems and
customized systems[4,5]. Commercially available off-the-shelf
systems, such as Nintendo Wii [6], Sony Playstation EyeToy
games [7], Xbox 360 Kinect [8], and new technologies (the
Xbox Series X [9] and Xbox one X [10]) present simple
solutions for real-time video capture at a low cost (Xbox 360
costs US $250) [11], which encouragestheir adoptionin clinical
studies, especially when homeinterventions are considered [5].

Customized systems are generally designed through research
and use cutting-edge technology to create avirtual environment,
such as the Computer Assisted Rehabilitation Environment
(Motek) [12] or the Interactive Rehabilitation Exercise (IREX;
Gesture Tek) System 2D [13]. Compared with commercially
avalable off-the-shelf systems, these technologies offer
personalized game settings (speed, range of movement, and
number of repetitions). Indeed, environments of customized
exergames offer conditions of practice similar to those of the
physical world, allowing task-specific activities (eg, in IREX,
placing boxes on different shelves, catching a ball instead of a
soccer goalkeeper, and juggling balls) and mass repetition of
the movement, which may promote neuroplasticity [14].

Although customized exergames can be expensive (eg, the price
of the IREX system can cost >US $15,000) and accessible only
through specialized rehabilitation centers (eg, the Computer
Assisted Rehabilitation Environment requires alarge space and

https://rehab.jmir.org/2022/2/€33745

supervision) [15], some customized commercia systems can
be more accessible to the popul ation and only require areadily
available Kinect camera to capture movement, in addition to
computer and internet access [4], such asDoctor Kinetic (Doctor
Kinetic), SaeboV R (Saebo), VirtualRehab (Evolv), and Jintronix
(Jintronix).

A recent meta-analysisby Aminov et al [16] showed statistically
significant efficacy of both types of exergames (customized vs
commercialy available off-the-shelf systems) inimproving UE
motor function (eg, Fugl-Meyer Score), activity (eg, Box and
Blocks Test), and socia participation (eg, Motor Activity
Log-30 [MAL-30]) when compared with conventional therapy.
Commercially available systems demonstrated alow mean effect
size (Hedges g 0.33, 95% CI 0.14-0.51; P=.01), whereas
customized exergames showed a moderate mean effect size
(Hedges g 0.58, 95% CI 0.41-0.76; P=.01) [16]. During the
follow-up periods (4-6 weeks and 8-26 weeks), the authors
observed maintenance of these gains with weak to moderate
effects on function and activity, and small to nonsignificant
effects on social participation [16].

Overall, exergames offer several advantages compared with
conventional therapy (eg, massrepetitions, feedback on activity,
and motivation), which could explain the efficacy of these
interventions in several metanalyses [15-20]. Several
neuroscience studies have highlighted the ability of virtual
reality (VR) to stimulate motor learning in the context of stroke
[14,21,22]. Moreover, Maier et a [19] explained the superior
efficacy of customized exergames compared with commercially
available systems based on the presence of more elements
promoting neuroplasticity (in 11/22, 50% of studies using
customized systems), such as varied practice, feedback (eg,
score, encouragement, and real-time visualization of the hand),
increasing difficulty, or specific task practice. Given the
promising potential of customized exergames, it is worthwhile
to consider implementing them at the homes of survivors of
stroke to optimize the recovery of persistent UE sequelae and
maintain gains over time.

Telerehabilitation Combined With Exergames

Telerehabilitation refers to the use of information and
communication technology that provides remote rehabilitation
[23]. Considering the context of the COVID-19 pandemic,
telerehabilitation has been ideal to maintain the provision of
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rehabilitation services to those who need it most (older adults,
people with difficulty accessing rehabilitation services, and
people with deficits). The use of customized exergames
combined with telerehabilitation may be an interesting
alternative for rehabilitating UE deficitsin survivors of chronic
stroke while allowing for ongoing monitoring. When considering
home interventions, exergames were usually provided with no
supervision [24,25] or only follow-up sessions by telephone
[26-28], which may haveleft the window open to compensation,
mismatch of difficulty progression and improvement, adecrease
in motivation [29], and feelings of loneliness [30]. In addition,
exergames using the Kinect cameraaimed at UE rehabilitation
mainly offer exercises for the shoulder and elbow, with no
emphasis on hand exercises. For example, the Kinect camera
in the Jintronix exergame does not detect the hand and fingers,
therefore, specific hand exercises are not provided [31]. Thus,
the use of VR and customized exergames combined with
telerehabilitation (eg, VirTele) is particularly relevant for
providing a survivor of stroke—centered and exergame-based
rehabilitation program [32,33]. The VirTele technology was
previously tested with a survivor of stroke and was shown to
be feasible for use in remote UE rehabilitation, which helped
inform this study’s protocol [33]. The preliminary efficacy
results showed improvement in UE motor function, quantity
and quality of use, and impact on quality of life, along with a
high level of autonomous motivation [33], hencetheinterestin
continuing to study the VirTele intervention with more
participants. In addition, given the novelty of VirTele,
information on the optimal dose, time since stroke, and criteria
for identifying participants who may benefit the most from
VirTeleis needed.

Therefore, it is necessary to conduct a feasibility clinical trial
to (1) determine the feasibility of using VirTele with survivors
of chronic stroke at home and (2) explore the impact of VirTele
on UE motor function, quantity and quality of use, quality of
life, and motivation in survivors of chronic stroke compared
with conventional therapy.

Methods

Study Design

This study was a 2-arm feasibility clinical trial. Until the study
could be pursued, considering the rapid progress of VR and
telerehabilitation technologies, we considered it relevant to
present the findings collected during the first 9 months (before
the onset of the COVID-19 pandemic) to inform future
technology development and implementation.

Eligible participantswererandomly allocated to an experimental
group (receiving VirTele for 8 weeks) or a control group
(receiving conventional therapy for 8 weeks). Block
randomization (block size of 6) was used, given the time and
accessto materials (3 computerswere available at atime). There
were 42 phoneinquiries, during which 29 potential participants
wereexcluded. A total of 13 potential participants were assessed
for eigibility by in-person screening, and 11 were retained and
randomly allocated to the control or experimental groups.

https://rehab.jmir.org/2022/2/€33745
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Outcome measurements were administered to both groups at
four time points: before starting the intervention (time point 1
[T1]), after the end of the 2-month intervention (time point 2
[T2]), 1 month later (time point 3 [T3]), and 2 months later
(time point 4 [T4]). Research team memberswho were blinded
to group assignment and not involved in the interventions
(VirTele or conventional therapy) were responsible for the
randomization. During the period of the COV1D-19 pandemic,
evaluators could not be blinded to the group assignment as the
participantsin the experimental group were evaluated using the
telerehabilitation system used in VirTele intervention.

Ethics Approval

Before enrollment, all participants provided informed consent.
Thisfeasihility clinical trial wasregistered at Clinical Trials.gov
(NCT03759106) and was approved by the Research Ethics
Board of the Center for Interdisciplinary Research in
Rehabilitation of Greater Montreal (review number
CRIR-1319-0218) [32]. This study was conducted according
to the CONSORT (Consolidated Standards of Reporting Trials)
guidelines[34].

Participant Selection and Recruitment Strategy

Participants were recruited from the archives of rehabilitation
centers (offline via a database of potential participants) and the
community situated in Montreal (via the ClinicaTtrials.gov
website; Quebec, Canada) [32]. Eligible participants included
survivors of stroke (ischemic or hemorrhagic) with residual UE
impairment (Chedoke-McMaster arm component, scores 2-6),
who stopped receiving rehabilitation services and were able to
use the exergame system (eg, move the exergame avatar with
the affected UE) [32]. Participants were excluded if they had
Severe cognitive or communication impairment, uncontrolled
medical conditions (eg, cardiac condition), balance deficits,
visual impairment, and UE mobility deficits (restricted
movements or inability to move the avatar).

Eligibility was assessed by a research assistant. The study
therapists included physiotherapists working in the Montreal
area with experience in stroke rehabilitation.

I ntervention Protocol

Experimental Group

The experimental group received the VirTele program. VirTele
isan 8-week home rehabilitation program that includes Jintronix
exergames [31] for UE rehabilitation and the Reacts app
(Technologies innovatrices d' imagerie and Reacts) [35] to
conduct videoconference sessions with clinicians. The
experimental group received the VirTele equipment at home
which included a computer, a Kinect camera, the Reacts app,
the Jintronix software, and a USB internet key (if needed).
Before starting the intervention, participants, including clinicians
and survivors of chronic stroke, received a 1-hour training
session to familiarize themselves with the Jintronix exergames
and the Reacts app [32].

The Jintronix exergames included 5 games for UE training
(Space Race, Fish Frenzy, Pop Clap, Catch and Carry an apple,
and Kitchen clean-up) [31]. Theclinician adjusted the difficulty
parameters of each gameremotely (eg, speed, duration, number
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of repetitions, and direction of the tragjectory) according to the
participant’s preference and functional abilities. An automated
log system of the participant’s performance during exergames
was available on the Jintronix portal (eg, active time spent on
exergames, scores, number of tasks completed, and amount of
trunk compensation), allowing the clinician to monitor the
participant’s progression. The training protocol included five
30-minute onsof Jintronix exergames per week for 8 weeks,
targeting 20 hours of training overall.

The Reacts app [35], a videoconferencing platform, was used
by the clinician to schedule videoconference meetings
synchronized with sessions when the survivor of stroke was
playing exergames to, for example, supervise the participant’'s
performance, correct their posture, grade the difficulty based
on performance, and match games to the participant’s
preferences and needs. Furthermore, the Reacts app was aso
used by the clinician to administer motivational interviewing
[36].

Motivational interviewing is a person-centered approach used
in behavioral interventions, which comprises behavior change
techniques (BCTs) [37] and relationa techniques [36].
Motivational interviewing has also been associated with the
self-determination theory (SDT) [38]. The SDT isan approach
that highlights the importance of autonomy and engaging
individualsin their decision-making processes[39]. According
to the SDT, clinicians can create a social environment that
fostersautonomy (volition in one's actions), competence (belief
in one's actions), and relatedness (a sense of belonging), which
are 3 dimensions that are essential for promoting autonomous
motivation and well-being [39]. In line with the SDT, survivors
of stroke were given greater autonomy in determining their
program by being able to choose from a range of exercises,
being involved in grading the difficulty level of the games, and
identifying strategies to increase the use of their affected UE in
thelong term through self-directed exercises and daily activities
(eg, using the affected UE for dressing). In addition to
exergames, supplementary exercises targeting hand fine motor
skills and UE were suggested by the clinician to meet the
individual goals of the survivors of stroke.

The videoconferencing sessions were scheduled as follows: 3
times a week for the first 2 weeks, twice a week for the
following 2 weeks, and then once a week for the remaining 4
weeks to maintain motivation, ensure that the exercises are
adequately tailored, and identify strategies to maintain the
activity level of the UE after the study ended.

The training of the VirTele group was conducted at the
participant’s home after the installation of the equipment and
lasted approximately 30 minutesto 1 hour. Thetraining included
a practica workshop on the use of the exergames and
videoconferencing system. At theend of thetraining, aVirTele
user manual (devel oped by the research team) was provided to
the participants. Clinicians were trained in motivational
interviewing [36] before the start of the study. A motivational
interviewing guide (discussion plan) based on BCTs [37] and
motivational techniques [36] was conceived by the research
team and provided to the clinicians as a support tool that can
help them choose strategies adapted to the client’s needs.

https://rehab.jmir.org/2022/2/€33745
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For further information regarding the Reacts app, Jintronix
exergames, and motivational interviewing, refer to the published
study protocol [32] or previous case studies exploring VirTele
use among survivors of stroke [33,40].

Control Group

In Canada, survivors of chronic stroke receive the Graded
Repetitive Arm Supplementary Program (GRASP) [41] as a
home rehabilitation training program to exercise the affected
UE and use it in activities of daily living [2]. Therefore, the
control group received the GRASP, which included exercises
for the arm and hand (strengthening and range of motion) and
functional activities targeting the UE [41]. The GRASP
equipment included various sizes of Lego and wooden blocks,
poker chips, clothes pegs, popsicle sticks and toothpicks, paper
clips of various sizes, various jars, aweight of 0.45 kg, tennis
ball, foam ball, plastic cup, modeling clay, knife and fork, and
atarget board [41]. The control group was invited to perform
the GRASP exercises for 8 weeks, 5 days per week (30-minute
sessions), targeting 20 hours of exercise overall (same as the
experimental group) [32]. The time spent on the GRASP
program, the number of sessions, and events such as fatigue
and pain were reported at T2 after the intervention was
terminated. No follow-up was provided during the 8-week
intervention period, similar to conventional therapy. However,
at the end of the study, the participantswere offered one session
with the clinician to discuss strategies for improving the use of
UE in activities of daily living [32]. All participants received a
30-minute training to familiarize themselves with the GRASP
equipment and exercises [32].

Outcomes M easures

Overview

At the start of the study, participant eval uations were conducted
at the Center for Interdisciplinary Research in Rehabilitation
of Greater Montreal in the presence of an evaluator. At the start
of the COVID-19 pandemic, al research activities at the
research sitewere suspended, and al eval uations were conducted
remotely. For the experimental group, the evaluations were
conducted using the Reacts videoconferencing system. For the
control group, the evaluations were conducted either by phone
or by avideoconferencing system available at the participant’s
home.

Feasibility I ndicators

Given the novelty of VirTele, the feasibility data collected for
the experimental group included the number and active time
spent on exergame sessions, frequency and time spent by the
clinician during videoconferencing sessions, exercise adherence,
and resource use (equipment and technical support). Thesewere
obtained directly from the Jintronix and Reacts systems, aswel |
as from intervention logs completed by the clinician at the end
of each session. Safety indicators, such as the occurrence of
adverse events (eg, pain, fatigue, and dizziness), were
documented by the clinician and technica team [32].
Information about technical difficulties was obtained from a
log completed by the clinicians and technical team [32].
Satisfaction with the technology and the interaction between
the clinician and the survivor of stroke were assessed using the
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Modified Short Feedback Questionnaire (adapted from Davis
[42]) and the Health Care Climate Questionnaire (Perceived
Autonomy Support) [43]. The Modified Short Feedback
Questionnaire includes 2 subscales with 6 items, including a
7-point Likert-type scale ranging from extremely likely (score
1) to extremely unlikely (score 7). The first subscale evaluates
the perceived usefulness (total score range 6-42; alower score
indicatesthat the technol ogy isextremely useful) and the second
subscale evaluates the perceived ease of use (total score range
6-42; alower score indicates that the technology is extremely
easy to use). The Health Care Climate Questionnaire includes
6 items with a 7-point Likert-type scale ranging from strongly
agree (score 1) to strongly disagree (score 7), evaluating the
need for support from the clinician, as perceived by the survivor
of stroke (total scorerange 6-42; ahigh scoreindicatesahigher
perceived need for support from the clinician).

The process indicators were also documented to inform the
validity of the study protocol and included data on recruitment
rate (rate of participants per month and duration of recruitment)
and retention rate (percentage of participants who completed
the VirTele program) [32].

Performance Outcome Measure

The Fugl-Meyer Assessment-UE (FMA-UE) [44,45] motor
function score was used as the primary outcome to evaluate UE
motor function impairment. The FM A-UE motor function score
[44,45] captures synergy, coordination, and sensorimotor
functions (UE, wrist, and hand). The FMA-UE score has been
shown to be valid in participants with stroke [46] and reliable
for administration at a distance (video observation of an
evaluator administering the FMA-UE on site) [47]. Given the
COVID-19 pandemic, wetested thefeasibility of administering
the FMA-UE motor function at a distance with no on-site
evaluator (video observation of the participant’s performance),
which was pretested in a previous study with afirst survivor of
stroke [33]. With respect to the various collection methods (by
videoconferencing, by telephone, or on site), the FMA-UE motor
function score was adjusted to 60 in al participants
(experimental and control groups) by eliminating the parts of
the scale that could not be evaluated remotely (reflex activity
component).

Self-reported Questionnaires

The secondary outcomes included the Motor Activity Log-30
(MAL-30) [48,49], the Stroke Impact Scale-16 (SIS-16) [50,51],
and the Treatment Self-Regulation Questionnaire-15 (TSRQ-15)
[52].

The MAL-30 captures both quality (MAL-30 quality of use)
and quantity of use (MAL-30 amount of use) of the affected
UE in 30 daily activities (eg, writing on paper, brushing teeth,
and using a fork or spoon for eating) [48,49]. The MAL-30 is
reliable and valid for the poststroke population [53].

The SIS-16 is a 16-item questionnaire that captures the impact
of stroke on the quality of life regarding hand function, activities
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of daily living, and mobility [50,51]. The SIS-16 has
demonstrated good reliability and validity [54].

The TSRQ-15, a 15-item questionnaire, captures different
processes of motivation consistent with the SDT, including
autonomous motivation, “where a person accepts changes and
behaves autonomously”; amotivation or the “lack of
motivation”; external regulation, “where a person behaves to
obtain a reward, or avoid punishment”; and introjected
regulation, “where aperson behavesfor pride or to avoid feeling
guilty” [52]. The TSRQ-15 has demonstrated good reliability
and validity across health care and rehabilitation contexts
[52,55].

Data Analysis

Descriptive statistics (means, frequencies, and SDs) were used
to (1) describe the sociodemographic characteristics of survivors
of chronic stroke in both groups (age, sex, dominance, time
since stroke, type of stroke, side of stroke, Chedoke-McMaster
UE score, living arrangement, and ability to use a computer),
(2) report feasibility indicators (eg, time spent on exergames,
frequency of use, total number of repetitions, number of
videoconferencing sessions, satisfaction with the technology,
and perceived autonomy support), and (3) report impact
indicators (frequency of participants who improved and
worsened for each outcome measure). All outcome measure
changeswere compared with their minimal clinically important
differences (MCIDs) when applicable [32].

Results

Overview

Asresearch activities were suspended because of the COVID-19
pandemic, data collection, as scheduled in the research protocol
[32], was delayed and extended. A total of 11 survivorsof stroke
were randomized and allocated to a treatment group (VirTele
intervention or conventional therapy). The attrition rate was
18% (2/11), as 2 participants from the VirTele group did not
complete the study (Figure 1). One of the patients was lost at
follow-up because of an inability to commit time, and one
discontinued the VirTele intervention because of difficulties
using technology (unable to use the mouse or the keyboard and
to start the computer).

Approximately 50% (2/4) of participants in the experimental
group and 20% (1/5) of participantsin the control group received
their allocated treatment at the onset of the COVID-19 pandemic
in Canada (March 2021). At that time, every research activity
was suspended, and outcome measurements at T2 could not be
administered. Thus, participants were offered the opportunity
to pursuethe allocated treatment for 3 monthsinstead of 8 weeks
and were evaluated remotely at the end of the 3-month
intervention (T2), amonth later (T3), and 2 months later (T4).
The sociodemographic data are provided in Table 1.
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Figure 1. Group alocation, follow-up, and data analysis. * Recruitment was interrupted because of the COVID-19 pandemic.
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Table 1. Sociodemographic data (N=9).

Allegue et a

Characteristics

VirTele group (n=4) Control group (n=5)

Age (years), mean (SD) 57.8(21.8) 56.4 (17.3)
Sex, n (%)
Male 2(50) 2(40)
Female 2 (50) 3(60)
Hand dominance, n (%)
Right 3(75) 3(60)
Left _a 2 (40)
Ambidextrous 1(25) —
Time since stroke (years), mean (SD) 8(2) 9.8 (3.0)
Type of stroke, n (%)
Hemorrhagic 1(25)° 2 (40)
Ischemic 2 (50)° 3(60)
Sideof stroke, n (%)
Right 4 (100) 3(60)
Left 0(0) 2 (40)
Chedoke-McMaster UEC score, mean (SD) 38(1.0) 4.8(1.3)
Living arrangement, n (%)
Living with family 3(75) 2 (40)
Living aone 1(25) 3(60)
Ability to use a computer, n (%)
Excellent 1(25) 2 (40)
Good 2(50) 2 (40)
Poor 1(25) 1(20)
ot available.

b nformation regarding the type of stroke was not available for participant ID11 at the time.

CUE: upper extremity.

Feasibility Indicators

Process I ndicators

Of the 42 inquiries by phone, 11 (26%) participants met the
eligibility criteria and accepted to participate in the study. The
rate of participant recruitment per month ranged from0t0 6. In
the VirTele group, 85% (5/6) of the participants completed the
8-week intervention (or the 3-month intervention during the
COVID-19 pandemic). One of the participantsdiscontinued the
intervention because of persistent technica difficulties in
accessing the VR system despite training (Figure 1).

Resources

The active time spent on exergames, the number of exergame
sessions, thetotal number of repetitions, and activities performed
in parallel to VirTele (which implies the use of UES) of each

https://rehab.jmir.org/2022/2/€33745

participant receiving VirTele intervention are reported in Table
2.

The frequency of videoconference sessions varied between 9
and 11 sessions during the first 4 weeks (mean 9.8, SD 1.0),
followed by 3 to 7 sessions during the second month (mean 5.
SD 1.826) and 4 to 6 sessions during the third month (mean 5.0,
SD 1.4).

The frequency of use and time spent on GRASP, as well as
activities performed in parallel with GRASP (which implied
the use of UES), are reported in Table 3. Participant 1D4, who
did not use the GRA SP during the 8-week intervention, reported
that he was discouraged by the program as it mainly focused
on his hand and wrist, which he could not move anymore since
the stroke. Although participant ID9 received GRASP for 3
months, he only used the program for 6 weeks.
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Table 2. Exergame sessions and activities performed by each participant receiving VirTele intervention.

Participant ID and total ~ Time spent on exergames

Frequency of use  Total number of repetitions®

Activities (other than those provided

(hours) of exergames inVirTele)

2 months Third month 2 months Third month
ID1 18 N/AP 84 17,101 N/A Stretching, cooking, and housework

(cleaning and laundry)

ID5 20 N/A 49 12,854 N/A Exercises
D10 15.03 14.28 59 13,130 18,759 Housework (cleaning and laundry)
ID11 13.18 4.23 58 11,649 5312 Housework (cleaning and laundry)
Total, mean (SD) 16.6 (3.0) 9.2(7.1) 62.5 (15.0) 13,683 (2367) 12,035(9508) _ ¢

Reflects the number of successful tasks or movements completed during the exergame.

BN/A: not applicable.
®Not available.

Table 3. Freguency of use and time spent on GRASP?in the control group.

Participant 1D and total Time spent on GRASP (hours) Frequency of useof ~ Activities (other than GRASP)
GRASP

2 months Third month
ID3 4 N/AP 16 Bodybuilding, housework, and cooking
D4 0 N/A 0 Tennis (nonaffected hand), cooking, and housework
ID6 8 N/A 16 Swimming, exercises, and housework
ID7 84 N/A 56 Housework, using a computer, and exercises
D9 30 0 30 Gardening and shopping
Total, mean (SD) 25.2 (34.86) 0(0) 23.6 (20.99) _c

3GRASP: Graded Repetitive Arm Supplementary Program.
BN/A: not applicable.
®Not available.

Management

Technical issues were reported from the clinicians' logs and
included loss of password (to access the Reacts app) by the
participant, internet issues, update of the system, sound or video
cut off, and problems with the avatar (did not follow the
movements of the UE). Technical issueswere mainly managed
by the clinician, the participant, or the participant’s caregiver.
The technical team intervened once on site to deliver a 3G key,
as the participant had no more internet access, and once by
telephone with a participant to help them recover their
passwords.

The clinicians' logs showed that BCTs and motivational
techniques were applied during the VirTele intervention with
each participant in the experimental group. Among the 4
participants who completed the VirTele intervention, 3 (75%)
participants (ID1, 1D10, and 1D11) reported more frequent use
of the affected UE in activities of daily life and self-directed
exercises (during the intervention), and 3 (75%) participants
(ID1, ID5, and 1D10) maintained the use of the affected UE
after the intervention was terminated.

https://rehab.jmir.org/2022/2/€33745

Scientific Feasibility

The 4 participants in the experimental group reported fatigue
of the affected UE, which was managed by the clinician (by
suggesting rest and stretching postures). Participant 1D10
reported an increase in pain in the less-affected UE during the
third month of VirTele; however, it did not seem to affect his
adherenceto the intervention, asrecorded in the automatic logs
accessible in the Jintronix portal (executed 59 sessions of
exergames and spent 14 hours playing during the third month;
Table 2).

The Health Care Climate Questionnaire showed a high score
for perceived autonomy support in the experimental group (mean
score 41.0, SD 1.7). Regarding the results of the perceived
usefulness and perceived ease of use, most participants (3/4,
75%) found the technology extremely easy to use (mean score
11.0, SD 6.6) and extremely or quite useful (mean score 13.8,
SD 15.5). Participant 1D5 found the technology extremely or
quite difficult to use (score 37/42) and dlightly useful (score
20/42).

Per for mance Outcome M easure

For the primary outcome (FM A-UE motor function score), 50%
(2/4 in each group) exhibited an improvement with important
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change scores equal to or within the MCID ranges (between
4.25 and 7.25), maintained over time from 1 (T3) to 2 months
(T4) after the intervention (Table 4). Participant 1D9 in the

Allegue et a

control group could not be evaluated asthe FMA-UE could not
be administered by phone (the only technology used by the
participant) during the COVID-19 pandemic.

Table 4. Fugl-Meyer Assessment—Upper Extremity motor function score in the experimental and control groups.

Group and participant ID

Fugl-Meyer Assessment—Upper Extremity motor function score (0-60)

Time point 1 Time point 2 Time point 3 Time point 4

Experimental group

ID1 24 31 28 41

ID5 50 43 48 51

ID10 18 14 18 18

ID 11 25 29 31 24
Control group

ID3 43 48 a2 41

D4 4 9 8 6

ID6 46 47 57 59

ID7 52 42 46 46

Self-reported Questionnaires

MAL-30 Questionnaire

Regarding the MAL-30 quantity of use, 100 % (4/4) of all
participants in the experimental group exhibited improvement
from baseline (T1) to postintervention (T2), with the
maintenance of benefits over timefrom 1 (T3) to 2 months (T4)
after the intervention, whereas the control group showed
improvement in 80% (4/5) of the participants from baseline
(T1) to postintervention (T2), with maintained gains over time

from 1 (T3) to 2 months (T4) after the intervention (Table 5).
The MCID of the MAL-30 quantity of use was not available at
that time.

For the MAL-30 quality of use, all participants in the
experimental (4/4, 100%) and the control (5/5, 100%) groups
demonstrated improvement from baseline (T1) to
postintervention (T2), maintained over time from 1 (T3) to 2
months (T4) after theintervention, 2 of which reached theMCID
(between 1.0 and 1.1; Table 5) [49].

Table 5. Motor Activity Log-30 scores in the experimental and control groups.

Group and participant ID Motor Activity Log-30: quantity and quality
Score quantity of use (from 0 to 5)

Timepointl Timepoint2 Timepoint3

of use of the affected upper extremity
Score quality of use (from 0 to 5)

Timepoint4 Timepointl Timepoint2 Timepoint3 Timepoint4

Experimental group

ID1 0.26 0.87 0.63
ID5 164 2.07 291
ID10 0.10 113 0.63
ID 11 0.00 0.34 0.36
Control group
ID3 0.70 0.57 1.00
D4 0.00 0.07 0.07
ID6 1.86 3.19 3.14
ID7 121 2.69 2.64
ID9 0.03 0.20 0.22

0.98 0.26 0.93 0.70 0.78
271 132 1.68 245 234
0.53 0.13 117 0.90 0.47
0.32 0.00 0.38 0.41 0.38
113 0.83 1.30 1.06 118
0.10 0.00 0.03 0.07 0.10
3.36 210 3.34 3.39 3.86
314 152 272 2.58 2.93
0.22 0.01 0.31 0.38 0.24

SIS-16 Questionnaire

For the SIS-16 hand function, only one of the participants in
the experimental group exhibited improvement for the item
“carry heavy objects (eg, bag of groceries),” with ascore higher

https://rehab.jmir.org/2022/2/€33745

than the MCID (between 9.4 and 14.1) [51]. All participantsin
the control group (5/5, 100%) demonstrated improvement from
baseline (T1) to postintervention (T2), maintained over time
from 1 (T3) to 2 months (T4) after the intervention, with all
scores higher than the MCID (Table 6).
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Table 6. SIS-16% scoresin the experimental and control groups.
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Group and participant ID  SIS-16 hand function (from 0 to 100)

SIS-16 activities of daily life

SIS-16 mobility (from 0 to 100)

(from 0 to 100)
T1P T2° T3¢ T4° T1 T2 T3 T4 T1 T2 T3 T4

Experimental group

ID1 100 100 100 100 100 100 100 100 96 100 100 100

ID5 0 0 25 0 47 50 53 38 46 61 46 54

ID10 75 75 0 0 97 81 88 78 82 82 57 61

ID 11 75 50 50 50 69 72 78 75 75 68 79 79
Control group

ID3 25 25 25 50 84 88 91 94 82 100 89 93

ID4 75 75 100 75 91 75 81 81 89 86 96 93

ID6 0 25 50 50 56 63 78 69 61 75 71 75

ID7 25 50 100 100 100 97 97 94 100 100 96 100

ID9 0 50 50 50 66 63 84 94 68 50 75 68

851S-16: Stroke Impact Scale-16.
bT1: time point 1.
®T2: time point 2.
4T3 time point 3.
©T4: time point 4.

For the SIS-16 activities of daily life, 50% (2/4) of the
participants in the experimenta group demonstrated
improvement from baseline (T1) to postintervention (T2),
maintained over time from 1 (T3) to 2 months (T4) after the
intervention in only 1 participant (MCID was not detected). In
the control group, 60% (3/5) of the participants exhibited
improvement higher or within the MCID from baseline (T1) to
2 months after the intervention (T4; Table 6).

Regarding the SIS-16 mobility, 50% (2/4) of participantsin the
experimental group exhibited improvement from baseline (T1)
to postintervention (T2), maintained over time from 1 (T3) to
2 months (T4) after the intervention, with a score higher than
the MCID inonly 1 participant. In the control group, 40% (2/5)
of the participants exhibited improvement from baseline (T1)
to postintervention (T2), maintained over time from 1 (T3) to
2 months (T4) after theintervention, with scoreswithin or higher
than the MCID (Table 6).

TSRQ Measure

In the experimental group, 75% (3/4) of the participants
demonstrated an increase in their autonomous motivation score
from baseline (T1) to 2 months after the intervention (T4).
Further examination of the regul ationsthat define the controlled

https://rehab.jmir.org/2022/2/€33745

motivation in the experimental group showed an increase in
introjected regulation from baseline (T1) to postintervention
(T2) in 75% (3/4) of the participants, maintained over timefrom
1 (T3) to 2 months (T4) after the intervention in only 1
participant. In parallel, the externa regulation showed an
increase of 75% (3/4) in the participants from baseline (T1) to
postintervention (T2), with a tendency to decrease in the
follow-up period from 1 (T3) to 2 months (T4) after the
intervention. The motivation score was substantially low in all
participants at all times (Table 7).

In the control group, only one of the participants demonstrated
an increase in autonomous motivation from baseline (T1) to
postintervention (T2), maintained over time from 1 (T3) to 2
months (T4) after the intervention. The examination of the
introjected regulation showed substantially no change from
baseline (T1) to postintervention (T2) in 80% (4/5) of the
participants. The external regulation scores showed a tendency
of increase in 40% (2/5) of the participants, maintained over
timefrom 1 (T3) to 2 months (T4) after theintervention in only
1 participant. One of the participants showed a decrease from
baseline (T1) to 2 months after the intervention (T4) in both
introjected and external regulations. Amotivation scorestended
to increase in 80% (4/5) of participants (Table 7).
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Table 7. Treatment self-regulation scoresin the experimental and control groups.
Group and participant ID  Autonomous motivation Introjected regulation External regulation Amotivation
T2 T2 T3¢ 144 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4
Experimental g roup
ID1 42 42 42 43 14 14 14 8 4 10 4 4 3 3 3 3
ID5 34 41 41 36 10 14 11 8 15 19 20 4 9 9 8 9
ID10 42 42 42 42 2 8 14 12 16 11 16 22 9 6 9 9
ID 11 19 27 24 24 5 10 5 6 9 13 12 11 8 7 4 11
Control g roup
ID3 38 40 42 40 2 2 3 2 4 7 7 7 3 7 9 3
D4 40 39 42 39 10 11 11 11 8 6 17 12 6 6 8 8
ID6 40 27 40 39 10 2 2 2 11 4 5 7 6 9 3 9
ID7 40 32 33 33 13 13 13 2 24 10 16 4 9 3 8 3
ID9 30 24 21 24 9 8 2 2 6 10 4 4 6 3 9 9

8T1: time point 1.
bT2: time point 2.
®T3: time point 3.
4T4: time point 4.

Discussion

The objectives of this feasibility clinical trial were to (1)
determine the feasibility of using VirTele with survivors of
chronic stroke at home and (2) explore the impact of VirTele
on UE motor function, quantity, quality of use, quality of life,
and motivation in survivors of chronic stroke compared with
conventional therapy.

Feasibility and Impact Indicators
Feasibility I ndicators

Criteriaof VirTele Use

The results of this study suggest that VirTele is feasible to use
at home among survivors of chronic stroke, aged 41 to 89 (mean
56.8, SD 21.8) years with 8 (SD 2) years since the stroke.
However, certain criteriashould be respected to benefit as much
as possible from this technology, such as minimum knowledge
of using computers (how to use a mouse and keyboard) or
having a caregiver who is comfortable with computers and no
severe gphasiathat limits communication between the clinician
and the survivor of the stroke. Overall, most survivors of stroke
found the technology easy to use and useful, except for one of
the participants.

The training provided before starting the intervention seems
adequate for survivors of chronic stroke who have used a
computer before but should be adjusted to better prepare
participants who are not familiar with computers (never used
before), such as a longer period of familiarization and
personalized training. Although the clinicians reported no
difficulties regarding technology use, novice clinicians may
require support to address interoperability issues and acquire
new skills (eg, choose exergames based on client capacitiesand
goals, create exergame-based rehabilitation programs, select
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appropriate clients, and grade difficulty levels) to enhance their
self-efficacy during practice [3].

Dose of the Vir Tele I ntervention

In the context of this study, VirTele intervention dose was
captured in terms of time spent on exergames (2 months. mean
16.6, SD 3.0 hours; third month: mean 9.3, SD 7.1 hours),
frequency of use (mean 62,5, range 49-84 sessions), and the
total number of successful repetitions (2 months: mean 13,683,
SD 2367; third month: mean 12,0355, SD 9508.46).
Interestingly, dose in terms of time spent on exergames and
frequency of use did not seem to have any moderating effect
on FMA-UE and SIS-16 scores, which echo the findings of a
previous study that found no advantages for higher dosing
(duration and fregquency of use) of VR approaches on
rehabilitation outcomes (eg, FMA-UE, box, block) [16].
However, the performance of approximately 17,000 repetitions
of successful tasks or movements during exergames appearsto
bethe gold standard for achieving clinical improvementsin UE
motor function. Although participant 1D10 attained 30,000
repetitions, no improvement was observed in the FMA-UE,
which suggests that intense repetition is not aways the gold
key to recovery, as reported in a previous study (where UE
improvement was attained following 30,341 repetitions) [33].
Furthermore, participant D10 reported increased fatiguein the
affected UE and pain in the less-affected UE, which reflects
symptoms of overexercising and may prevent or reduce potential
improvement. An evaluation of the FMA-UE score after the
8-week intervention in participant ID10 could have provided a
better indicator of the UE motor condition (before the onset of
symptoms at the third month).

Although all participants in the experimental group improved
their MAL-30 scores, the MCIDs were only detected in
participants ID5 and 1D10, who spent the longest time on
exergames (range 20-29 hours), which suggests a potential link
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between dosesin terms of time spent on exergames and clinical
improvement at the MAL-30. Previous studies conducted by
Levinet a [56] (delivered 6.8 hours of video capture exergames)
and Housman et a [57] (delivered 24 hours of gravity-supported
exergames) intending UE rehabilitation in survivors of chronic
stroke found no change and significant improvement,
respectively, sustained at 6 months on the MAL scores. These
findings suggest that longer exposure to exergames may lead
to better outcomes in participation in real-life activities and
support the potential transfer of gains from the virtual
environment to physical real-life activities.

The Optimal Duration of the Vir Tele Intervention

The optimal effective duration of VirTele intervention (8 or 12
weeks) is not yet clear, considering the varied results of the
primary and secondary outcomes between participants in the
experimental group. However, it is worth noting that the total
number of repetitions and frequency of use of the technology
are not always affected by VirTele duration. For example,
participant 1D1, who used VirTele for 8 weeks, achieved a
higher dose of repetition and frequency of use of the exergames
than participant ID11, who used VirTele for 3 months. Further
examination of the level of amotivation at baseline showed that
participants with the lowest level of amativation (ie, high
motivation) had the highest dose of repetition and frequency of
use during the first 8 weeks. This may suggest that motivation
should be evaluated before starting the VirTele intervention to
determine the adequate duration (8 or 12 weeks) necessary to
achieve ahigh dose of repetition and frequency of use and that
an appropriate motivational strategy should be provided to
individuals who are amotivated.

FactorsThat May Affect Adherenceto VirTelelntervention

During thefirst 8-week intervention period, femal e participants
(ID1 and ID5) achieved the highest level of adherence to
exergames compared with male participants (ID10 and 1D11),
which suggests that sex may play arolein choosing to play or
not the VirTele exergames. A previous study [58] conducted
on healthy participants aged 18 to 51 (mean 21.65, SD 4.43)
years, showed that women preferred physically internet-based
games compared with men, which may explain the higher level
of adherenceto VirTele exergamesin women, althoughit should
be carefully interpreted, considering the small sample size and
other factorsrelated to motivation and stroke (eg, UE weakness
and pain), which may affect adherence to the system.

Age did not seem to affect adherence to the VirTele program,
although lack of knowledge in information technology was
often associated with older participants. Participant D5, who
was not familiar with information technology, had a caregiver
who helped her use the system and was compliant with the
VirTele program. However, previous experiencein information
technology may facilitate the use of this technology.

VirTele Impact Indicators

Regarding the primary outcome (FMA-UE), the experimental
group reached the MCID from baseline (T1) to 2 months after
the intervention (T4). This result is particularly relevant as the
MCID was detected even if the total score of the scale was
adjusted to 60, which supports the feasibility of administering
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the FMA-UE motor function remotely (without an evaluator on
site). Thisresult also supports the findings of a previous study
[47] that examined the measurement properties of FMA-UE
when administered remotely.

Regarding the secondary outcomes, both groups demonstrated
improvement in the MAL-30 quantity and quality of use, which
may suggest that the VirTele intervention is comparable with
conventional therapy in terms of somatosensory information
feedback, affecting the UE quality of movement. The
supplementary exercises provided in VirTele (in addition to
exergames) may have played a role in the integration of
somatosensory information by manipulating real-life objects
with force and tactile feedback, which are important for motor
learning [14].

Regarding the quality of life (SIS-16 scores), the control group
reported improvement in activities of daily life and hand
function in 60% (3/5) and 100% (5/5) of the participants,
respectively. In contrast, the experimental group reported varied
and inconclusive results in terms of activities of daily life and
hand function, despite the increased use of the UE (MAL-30
guantity) and improvement in the quality of use (MAL-30
quality). Participant D1 reported a score of 100% (from T1to
T4) in SIS-16 hand function and activities of daily life, which
indicatesthat no further gains can be achieved. Participant ID10
reported the appearance of pain in the less-affected UE (during
the third month of VirTele intervention), which may have
affected his performance during activities of daily life and the
score of the SIS-16 hand function for the item “carry heavy
objects (eg, bag of groceries)” as survivors of stroke often use
compensatory strategies by the less-affected UE to help or assist
the performance of the affected UE [59].

Further explanation of the difference between the two groups
regarding the SIS-16 scores may be associated with thetraining
paradigm; the GRASP mainly targeted the hand and wrist, with
little focus on gross motor skills, whereas the VirTele
intervention mainly targeted gross motor skills, with
supplementary exercises for the hand. Thus, training with the
GRASP might better meet individual needs when it comes to
performancein activitiesthat require fine motor skills, although
both groups demonstrated improvements in the quality and
quantity of use of the UE. This also suggests that combining
VirTele with conventional therapy such as the GRASP may
maximize the recovery potential, which echoes the findings of
Laver et a [60] who determined that the use of VR combined
with conventional therapy had a significant effect on UE
outcomes compared with when it was used aone (nhot
significant).

Role of Motivational Interviewing

In the experimental group, 75% (3/4) of the participants
demonstrated an increase in autonomous motivation compared
with 20% (1/5) inthe control group. In parallél, the experimental
group demonstrated no changein the amotivation score, whereas
the control group tended to show an increase in 80% (4/5) of
participants. Theseresults may suggest that VirTeleintervention
is more motivating than conventional therapy and that
motivational interviewing delivered in the experimental group
could have played a role in the development of autonomous
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motivation, which is important to maintain behavior changes
of the UE.

Other factorsthat may stimulate autonomous motivation include
enjoyment and improving skills [61]. In this context, VirTele
exergames offer playful and varied exercises with different
levels of difficulty that could give survivors of stroke a real
feeling of competence and more confidence in their abilities
when they manage to succeed. Furthermore, some components
of exergames, such as visual and auditory feedback
(encouragement, score of the game, and indication of successful
vs unsuccessful movement) [62] and quality of graphics[30],
may enhance the enjoyment of participants and increase
autonomous motivation, which may affect adherenceto exercise.

Furthermore, amultiple case study conducted with participants
ID5, ID1, and ID11 showed that VirTele clinicians used many
motivational interviewing strategies (BCTs and motivational
techniques) that would support participants' psychological needs
[33]. Such an environment may lead to effective behavior
changes [63], such as that experienced by participants ID5 and
ID10 (high adherence to exergames and maintained use of the
affected UE at the end of the VirTele intervention) [33]. In
addition, the experimental group performed an enormous amount
of repetition and had a higher frequency of use of the allocated
treatment than the control group.

In contrast, participant ID11 did not express any intention to
continue using the affected UE when the intervention was
terminated, which may be explained by the miscommunication
encountered between the participant and the respective clinician
because of aphasia[33]. Aninterview with ID11’sclinicianin
the multiple case study showed that the latter had difficulty
understanding the needs of the participant to provide adequate
motivational support [33]. In addition, participant ID11 was
ambidextrous, which may have increased the use of
compensatory strategies by the less-affected UE.

Limitations and Recommendations

Thefindings of thisfeasibility clinical trial should be carefully
interpreted as somelimitationswereidentified. First, the VirTele
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and GRA SPinterventions presented different training paradigms
(gross and fine motor skills); however, only gross motor skills
(coordination, volitional movement within synergies, or no
synergy of shoulder and elbow) were captured through the
primary outcomes (FMA-UE motor function) asthe evaluation
of the hand and wrist could not be performed remotely (requires
the physical presence of the assessor). Second, it is important
to note the inconsistency in the intervention duration among
the participants in the 2 groups (experimental vs contral). In
the experimental group, 50% (2/4) of the participants received
a 3-month intervention and 50% (2/4) received a 2-month
intervention. In the control group, 20% (1/5) of the participants
received a 3-month intervention, whereas 80% (4/5) received
the initial 2-month intervention. That said, it is interesting to
notethat thisvariability in duration allowed usto determinethe
role that the dose (repetition or time spent) played in the
recovery. Third, it isimportant to note that neither the evaluators
nor the person in charge of data analysis was blinded to the
group assignment. Finally, sex and age factors that may affect
exergame use should be further examined using alarger sample
size.

In conclusion, the findings of this study should be interpreted
with caution, given the small sample size. All explanations
provided for the primary and secondary outcomesin both groups
remain speculative and need further examination in a larger
clinical trial.

Conclusions

The VirTele intervention constitutes another therapeutic
alternative, in addition to the GRASP, to deliver an intense
personalized rehabilitation program to survivors of chronic
stroke (at least 8 years since the stroke) with UE deficits.
Descriptive statistics showed that the highest scores for
autonomous mativation were achieved in the experimental
group, who achieved a high frequency of use of the exergames
and avery high number of repetitions. The study resultsindicate
that the study protocol is valid and can be used to inform
larger-scale studies, regardless of the adaptati ons made because
of the context of the COVID-19 pandemic.
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Abstract

Background: BrightArm Compact is anew rehabilitation system for the upper extremities. It provides bimanual training with
gradated gravity loading and mediates interactions with cognitively challenging serious games.

Objective: The aim of this study is to design and test a robotic rehabilitation table-based virtual rehabilitation system for
functional impact of the integrative training in the early poststroke phase.

Methods: A new robotic rehabilitation table, controllers, and adaptive games were developed. The 2 participants underwent 12
experimental sessionsin addition to the standard of care. Standardized measures of upper extremity function (primary outcome),
depression, and cognition were administered before and after theintervention. Nonstandardized measuresincluded game variables
and subjective evaluations.

Results. The 2 case study participants attained high total arm repetitions per session (504 and 957) and achieved high grasp
and finger-extension counts. Training intensity contributed to marked improvements in affected shoulder strength (225% and
100% increase), grasp strength (27% and 16% increase), and pinch strength (31% and 15% increase). The shoulder flexion range
increased by 17% and 18% and elbow supination range by 75% and 58%. |mprovements in motor function were at or above
minimal clinically important difference for the Fugl-Meyer Assessment (11 and 10 points), Chedoke Arm and Hand Activity
Inventory (11 and 14 points), and Upper Extremity Functional Index (19 and 23 points). Cognitive and emotive outcomes were
mixed. Subjective rating by participants and training therapists were positive (average 4, SD 0.22, on a 5-point Likert scale).

Conclusions: Thedesign of the robotic rehabilitation table was tested on 2 participantsin the early poststroke phase, and results
are encouraging for upper extremity functional gains and technology acceptance.

Trial Registration: Clinical Trials.gov NCT04252170; https://clinicaltrials.gov/ct2/show/NCT04252170

(IMIR Rehabil Assist Technol 2022;9(2):€26990) doi:10.2196/26990

KEYWORDS

subacute stroke; virtual reality; gamification; therapeutic game controller; integrative rehabilitation; BrightArm Duo; BrightArm
Compact; upper extremity; cognition; depression
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Introduction

Background

Upper extremity (UE) functional deficits after stroke include
reduced range of movement, muscle weakness, low tone, and
tremors [1,2]. These motor limitations can be compounded by
deficits affecting major cognitive domains of attention,
processing speed, executive functioning, memory, and language.
Cognitive impairments due to stroke in turn can affect the
reacquisition of tasks and new learning. Thus, the combined
motor and cognitive deficits adversely affect speed of recovery
[3] and the regaining of independencein activities of daily living
(ADLS) [4]. The rehabilitation after stroke needs to be
integrative, targeting motor UE function as well as cognitive
functioning. In many health care models, inpatient therapy is
limited, expensive, and involves multiple professionals. The
ideal training option isleveraging technology for rehabilitation
at asingle point of care for optimal results and reduced costs.

A high number of task-oriented UE repetitions are needed during
therapy toinduce the neural rewiring needed to regain function.
Brain plasticity isat its peak in the first 6 months after a stroke
[5,6]. High-intensity training, meaning many repetitions per
minute, is not sufficient by itself. Equally important is the
adaptability of the training to individual differencesin deficits
to improve outcomes and maintain the patient’s motivation.

Technologies  increasingly relied upon to  meet
poststroke-rehabilitation needsinclude robotic and virtual reality
(VR)-based training systems [7]. Both types of systems are
popular because they ensure the needed intensity, motivation,
and customization. Rehabilitation robots can induce a high
number of repetitions and serve as motion guides to improve
motor control of the arm during reaching movements[8]. Robots
can aso assist in UE strengthening [9] in instances where
voluntary movement isresisted. However, robotic rehabilitation
exoskeletons that wrap around the arm pose safety concerns
because of actuatorslocated closeto thetrained upper limb [10].
The exoskel etons thus require constant supervision and skilled
providersto assist in donning and doffing. Robotic systemscan
be optimized to harness the benefits, reduce skilled supervision,
and avoid undesired strain to the UE during training [10]. A
promising aternativeisarobotic table that automatically adapts
for UE training in individuals with stroke.

Bilateral UE training has many advantages over the standard
of care (SOC). SOC typically involves unilateral training
focused on the affected arm and hand. Advantages of bilateral
training include more neural rewiring, strengthening the
less-affected UE [11], and ability to train at higher cognitive
levels during integrative rehabilitation [12]. However, bilateral
robotic rehabilitation using currently available technology is
cost prohibitive and requires space, especialy in home and
community settings [13]. The rehabilitation field needs passive
and safe technology (without actuators acting on the trained
limbs) to allow bilateral training on a single low-cost and
compact system.

https://rehab.jmir.org/2022/2/e26990
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VR therapeutic gamesinduce a high number of arm repetitions
and are enjoyable. Game-based motor therapy for stroke offers
significantly more training [14-17]. Because of the engaging
nature of video games, it is easier to alleviate learned disuse
and boredom and to induce the number of UE repetitions
beneficial to neura recovery after stroke [18]. Moreover,
game-based therapy has been widely used in stroke rehabilitation
to boost patient motivation, increase exercise intensity, and
provide the means to measure objective session-specific
outcomesin aquantifiable way [19]. Therapeutic games can be
paired with a safe robotic system to amplify the benefits of both
forms of rehabilitation training when used together.

Related Work

A precursor to the robotic system reported here was the
BrightArm Duo robotic table (Figure 1A). It used alow-friction
motorized table to help forward arm reach, assisted supported
reaching by tilting its distal side down, and resisted reaching
by tilting the table surface up. Armswere placed in low-friction
forearm supports with embedded infrared (IR) light-emitting
diodes. The arm supports could slide on the rehabilitation table
and weretracked by apair of overhead IR cameras. The cameras
communicated with a PC running the table actuators aswell as
its therapeutic games. These games were presented on a large
display in front of the patient and could be played during
unilateral or bilateral rehabilitation (Figure 1A).

For al its advances, BrightArm Duo had shortcomings too. It
was a large system with complex controls, owing to its 2
table-lifting and 2 table-tilting actuators. Furthermore, the flat
bottom of the forearm supports made it impractical to train
pronation and supination while supported on the table.
Moreover, it was not possible to train finger extension, which
is key to grasping objects and critical to increasing ADL
independence. Thus, the BrightArm Duo did not address a
missing element in the field of rehabilitation technology
[11,20,21], namely thelack of an integrative system of training
finger extension, forearm pronation and supination, hand
grasping, bilatera movements, and engaging cognitive
rehabilitation.

Our novel BrightArm Compact (BAC) system addresses the
aforementioned missing element. The redesign of the system
and arigorous eval uation process allowed usto embed new and
improved features. The modulation of gravity bearing can
support the weaker side and enable UE strengthening [20,21].
Thetable can facilitate integrative motor and cognitivetraining
when coupled with challenging therapeutic games [22].
However, the testing of the BAC system with individuals with
stroke (preferably in the early stages after stroke) is essential
to measure the impact on function. Findings from the
preliminary evaluation can then inform larger studies and
advance the field of rehabilitation technology. This is the
motivation behind this study.

This paper presentsthefirst clinical study of the next-generation
BAC rehabilitation robotic table. It consists of 2 case studies
who trained on the BAC system during the early subacute phase
after stroke.
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Figure 1. Robotic rehabilitation tables and controller: (A) the BrightArm Duo system, (B) the BrightArm Compact system training case 1, and (C) the
BrightBrainer Grasp therapeutic game controller. Reprinted by permission of Bright Cloud International Corp.
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The following research questions were addressed: 3. What is the perception (positive or negative) of the
participants and the therapists who used the new system at

Primary: How does bilateral training with the integrative an inpatient dinic?

rehabilitation system impact UE function?
2. Secondary: Doestheintegrative rehabilitation systemhave  Technology details of the robotic table and its integrative
animpact on the secondary outcomes of cognition, emotion, therapeutic games are presented first. The recruitment
and game performance? procedures, training protocol, and outcome measures are
described subsequently, followed by the case-specific results

and the Discussion and Conclusions sections.
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Methods

The BAC Rehabilitation Table

The BAC rehabilitation table had a streamlined design using a
single linear actuator for lifting movement and a second linear
actuator for work-surface tilting. The first linear actuator
adjusted the table to the patient’s height such that the arms could
be supported without shoulder discomfort (Figure 1B). The
second actuator was used to adjust the work-surface tilt angle
between 20° uptilt and —15° downtilt. In this design, 0°
corresponded to ahorizontal table. Both actuators were housed
in a central column that also supported a large television
displaying therapeutic games. Because of its more compact
design, the BAC system’s overall footprint was 45% smaller
than that of the Duo precursor, while still allowing full bilateral
supported arm reach.

Arm lifting off the table was possible because, unlike in the
case of other rehabilitation robots, no actuators directly pushed
on the UEs. The added advantages were increased freedom of
movement and enhanced patient safety. Another component of
the BAC safety mechanism was an array of IR illuminator strips
located on the underside of the work surface. The IR sensing
strips were arranged to detect a patient’s presence while seated
at thetablein achair or wheel chair. Proximity with the patient’s
knees was also detected, in which case the table motion for
lifting or tilting was momentarily paused. Another safety
measure was amechani sm designed to detect imminent collision
between the table underside and the top of awheelchair wheel.
Such collisions could occur during the upward tilting of the
table, depending on the height and type of wheelchair. Finally,
apair of emergency power shutoff switches were mounted on
either side of the central tower assembly. It was easy to reach
the location of the switches regardiess of which side of the
patient the therapist stood to assist with right- or left-arm
training.

Rehahilitation with the BAC robotic table was facilitated by a
pair of BrightBrainer Grasp (BBG) therapeutic game controllers
which our group developed [23]. As shown in Figure 1C, the
BBG used an HTC tracker (HTC Corp) to measure hand
movement in 6 degrees of freedom. The HTC tracker should
not be confused with the VIVE controller (HTC Corp), which
was not used with the BAC system. The HTC tracker’s position
and orientation were measured in real timewiththe aid of apair
of VIVE IR illuminators (or lighthouses). The 2 VIVE
lighthouses were located on either side of the central actuating
column.

The BBG controller had arubber pear and a pressure sensor to
measure grasp strength and a rotating mechanical lever to
measure finger extension. The underside of the controller was
curved to allow supported pronation and supination and covered
inalow-friction material to facilitate supported arm reach. The
same curved shell housed electronics and batteriesaswell asa
wirelesstransmitter for bidirectional communication with aPC
running the therapeutic games.

Therapeutic game controllers must be simple to use to avoid
taxing the limited resources of individual s with adisability and

https://rehab.jmir.org/2022/2/e26990
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avoid increasing the setup timefor their therapists and families.
Furthermore, the controller’s shape must accommodate hands
of various sizes and functiona levels. In the BBG game
controllers, these general principleswere applied to detect finger
extension and grasping. The curved shape of the mechanical
lever maintained positive contact with the outer side of the
patient’s hand to detect extension regardless of which finger or
fingers pushed it outward. Conversely, grasping was detected
regardless of which finger or fingers flexed around the BBG
rubber pear. Additional details of the BAC design and its
usability evaluation study can be found in Burdea et al [24],
whereas the clinical results in individuals in the chronic phase
after stroke using the BBG can be found in Burdea et al [25].

A baselining process enabled adaptation to a particular patient’s
motor function level. The baseline mapped different motor
functions of the weak and strong UEs to the normal functions
of the left and right avatars in the therapeutic games. The
baseline was captured for grasp, finger extension, arm pronation,
arm supination, vertical reach, and horizontal reach. Vertical
reach and horizontal reach baselines were recorded for 1 arm
at atime, as previously described for the BrightArm Duo [20].
The other baselines were captured simultaneously for both UEs
to reduce overall system setup time.

During the finger-extension baseline, the patient watched a
scene showing 2 simplified controllers moving their respective
mechanical leversin response. Simultaneously, 2 vertical tubes
werefilled with color to visualize the magnitude of the extension
angle of the corresponding hand. The grasp baseline scene was
similar, and the amount of color in the vertical tubes was
proportional to each hand’s grasping strength. The baseline
process was repeated 3 times, and the net value was cal culated
after subtracting the residual force.

Baselines were subsequently used to determine gains between
UE movements and those of the avatars controlled in a game.
The impaired UE limited reach was mapped to the full extent
of VR scenes. Presenting fully functional avatars was aimed at
making the games winnable to reduce depression [26]. Only a
fraction of the maximal finger-extension range and maximal
grasping force were used to control the game. The use of
fractional values reduced fatigue and discomfort during
prolonged virtua rehabilitation sessions. The baseline was used
to determine thresholds for hand-avatar flexion or extension.
Once a threshold was exceeded in the extension direction, the
game software commanded a hand avatar to open fully.
Similarly, once a grasping force threshold had been exceeded,
the hand avatar was commanded to close fully.

What followsisadescription of 2 of the therapeutic games used
in the BAC rehabilitation system. Treasure Island (Figure 2A)
wasagametraining UE endurance, coordination, and short-term
visual memory. An island was depicted where treasures were
dug out from an area marked with boulders. Patients were
required to use a grasp for lowering the shovel avatar into the
sand or move the shovel to other locations using the extension.
Treasures were given different gold counts, with those closest
to the boulder wall (which visualized the horizontal reach
baseline) containing more gold. The game ended once all
treasures had been found or the all otted time had ended. L ower
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levels of difficulty had markings on the sand to indicate where
treasures were buried, and the weather was calm. There were
more treasures at higher levels of difficulty (more repetitions)
to be dug out in a shorter time (faster movements), and no

Burdeaet d

markings were present. For even higher levels, sandstorms
would cover some of the treasures that had been discovered
such that their locations needed to be remembered and more
UE movements were elicited to dig them up again.

Figure2. A sample of integrative therapeutic games played during the BrightArm Compact study. Sequence, from Ieft to right, shows game scenes at

start, midgame,

Start

Mid
(B)
Towers of Hanoi 3D (Figure 2B) was used to train primarily
executive function. The gametrained decision-making by asking
the patient to restack disks of varying diameters from 1 of 3
poles to another while using the third pole as a waypoint. The
version of the game for the BBG and BAC required grasping
to pick up adisk, reaching to bring that disk above a pole, then
extending fingers to release the disk onto that pole.
Decision-making was trained by rules requiring that a larger
diameter disk could never be placed on top of asmaller oneand
that disks be handled only by like-colored hand avatars. The
smaller disk had the color of one of the hand avatars (eg, red),
and the other disks had the color of the other hand avatar (eg,
green). Theaim wasto restack the diskswith aminimal number
of moves, which depended on the number of disksin the game
(eg, restacking 3 disks required a minimum of 7 arm-reach
moves, 7 grasps, and 7 finger extensions).

A total of 8 different gameswere used in this study. Each game
had up to 16 levels of difficulty to ensure variety and challenge
during BAC training. When a game was repeated in several
sessions, its actual difficulty was set automatically, based on a
particular patient’s past performancein that game. If the patient
failed to finish the game or obtained alow score 2 consecutive
times, the difficulty level was reduced by 1 level in the next
play. In contrast, if a patient won a game 3 consecutive times,
then that game difficulty was increased by 1 level in the next

play.

Recruitment

In early September 2018, 1 BAC system was placed at
PowerBack Rehabilitation (Piscataway, New Jersey, United
States), an inpatient rehabilitation facility speciaizing in early
subacute recovery stages. The inpatient rehabilitation director
(an occupational therapist [OT]) and another licensed OT were
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trained in the use of the BAC system. Subsequently, 2 cases
described herewho received SOC at the facility were screened,
and both provided informed consent to participatein this study.

Case 1 was aright-handed African American male, 83 years of
age, with left arm affected by a hemorrhagic stroke to the right
frontal lobe, right inferior thalamus, and right superior cerebellar
peduncle. The stroke had occurred 7 weeks before enrollment.
He presented with hypertension, atria fibrillation, and a visual
field cut on his left side. Case 1 was taking 10 prescription
medications at the time of enrollment (Milk of magnesia,
Lisinopril, Dulcolax, Dorzolamide, Allopurinol, Brimonidine
tartrate, Pravastatin, Eliquis, Flomax, and Amlodipine). Hewas
able to ambulate 70 feet with a single-point cane, with
supervision. The initial Fugl-Meyer UE [27] score was 45 out
of 66, indicating mild impairment. He had 12 years of formal
education, was a native English speaker, and a retired truck
driver.

Case 2 was a left-handed White male, 66 years of age, with
affected left UE after aright hemorrhagic stroke (basal ganglia
infarct) that occurred 3 weeks before enrollment. He was higher
functioning in motor performance than case 1, with an initial
Fugl-Meyer UE score of 52 out of 66, indicating mild
impairment. Case 2 had anemia, hypertension, and was on 6
medications during this study (Atorvastatin, Calcium,
Cyanocobal amin, Midodrine, Polyethylene glycol powder, and
Folic Acid). He was able to ambulate 50 feet using a rolling
walker independently. Case 2 had 12 years of formal education,
was an English speaker, and his previous occupations were
painter and landscaper.
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Data Collection I nstruments

Overview

This study followed an ABA protocol, with data collected at
baseline or pretest (A), at every training session (B), and at the
end of rehabilitation on the experimental system (A; Figure 3).

Burdeaet d

The pre- and posttraining clinical evaluations measured motor
impairment and function, cognitive function, and emotional
state. These were assessed using standardized instruments and
supplemented by datafrom nonstandard measures, as described
in the next sections.

Figure 3. Flowchart diagram of the case study protocol. Reprinted by permission of Bright Cloud International Corp. BAC: BrightArm Compact.

Case recruitment

i

Informed consent

U

Pretest

Week 1 (4 sessions; 15 minutes
per session, 4 games, unimanual)

A 4

————————————p| Subjective evaluation by participant

Week 2 (4 sessions; 20 minutes
per session, 6 games, bimanual)

———®»| Subjective evaluation by participant

Week 3 (4 sessions; 30 minutes
per session, 8 games, bimanual)

Subjective evaluations by participant
and therapist

Posttest

Evaluation of Motor | mpairments

Active range of motion was measured using a standard
goniometer to determine the active arm’s and fingers' range of
movement on both the impaired and unimpaired sides.
Cdlibrated wrist weights were used to determine shoulder
strength when lifting the straight arm in front of the body to a
horizontal position (anterior deltoid) and latera to the body to
a horizontal position (lateral deltoid). A mechanical Jamar
dynamometer was used to measure grasp strength, and a Jamar
pinch gauge was used to assess finger pinch strength. Both
instruments have been shown to have adequate reliability and
validity for this purpose [28].

Function of the UE

This was assessed with (1) the UE subscale of the Fugl-Meyer
Assessment with a score ranging from O to 66, where 0 is most
severely impaired and 66 isnormal UE function; (2) the Jebsen
Test of Hand Function [29], atimed test of 7 ssmulated ADLS,
each timed from O to 180 seconds; (3) the Chedoke Arm and
Hand Activity Inventory [30], which measures independence
in 9 bimanual ADLS, each scored from Oto 7. Here, a0 means
the participant needs total assistance in performing a task,
whereas a 7 means complete independence in performing it;
and (4) the Upper Extremity Functional Index (UEFI) [31], a
self-report of independence in 20 ADLS, each scored on a 0-4
scale, where 0 corresponds to inability to perform atask and 4

https://rehab.jmir.org/2022/2/e26990
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corresponds to no difficulty at al in performing it. All these
measures have been reported to have good psychometric
properties for assessing function in stroke.

Emotive State

Thiswas measured with the Beck Depression I nventory, Second
Edition (BDI-II), as an indication of depression severity,
compatible with its reliability and validity for this use [32].

Cognitive Function

This was assessed with the Brief Visuospatial Memory Test,
Revised [33], for delayed visual memory recall (forms 1 and
2); Hopkins Verbal Learning Test, Revised [34], for delayed
verbal memory recall (forms 1 and 2); the Neuropsychological
Assessment Battery (NAB) word generation subtest of the
executive functioning module [35] for executive function and
verbal fluency (forms1 and 2); the NAB digit span forward and
backward test for auditory attention and working, aswell asthe
Dots subtest for visual working memory; Trail Making Test
Part A for visual attention and information-processing speed;
and Trail Making Test Part B asameasure of executive function
and mental flexibility. The psychometric properties of these
measures for stroke indicate high reliability and validity [36].

Game Performance Data

These consisted of objective measures of therapeutic gameplay
performance. Motor domain variables were arm repetitions,
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grasp and finger-extension repetitions, the intensity of training
(as repetitions per minute), and area and shape of arm reach
(measured by the BAC system). In the cognitive domain, data
stored were game average difficulty level (per session), game
average duration, and total cognitive exercisetime. Thistraining
time was reported for the specific cognitive domains of
executive function, attention, and memory. These game data
were deidentified, automatically sampled at each experimental
session, and uploaded on a Microsoft Azure [37] secure cloud
server.

A remote graphing capability was developed to allow
researchersto log in to the project portal and remotely review
an individual’s game performance data.

Burdeaet d

Subjective Evaluation Custom Forms

These were developed for the participants, and separate,
somewhat different forms, were devel oped for the OTsassisting
in their training. The evaluation form to be completed by the
participants after stroke, shown in Table 1, had 15 items. Each
item used a 5-point Likert rating scale, with 1=least desirable
outcome and 5=most desirable outcome. Participants were
requested to completethe form at the end of every experimental
training week to longitudinally determine changesin rating as
games became harder with longer sessions. The participants
ratings of the system are included in the table as well but will
be discussed later.

Table 1. Subjective evaluation scores (1=least desirable outcome and 5=most desirable outcome) from 2 case studies. Each participant submitted 1

feedback form per week for 3 weeks?.

Item Participants’ scores Question aver-
age score (SD)|O
Case1° Case 2¢
Week 1 Week2 Week3 Average(SD) Week1l Week2 Week3 Average (SD)
1. Instructions given to mewere 4 4 4 4.0 (0.00) 4 4 3 3.7 (0.58) 3.8(0.41)
useful
2. The system was easy to use 4 4 2 3.3(1.15) 4 4 4 4.0 (0.00) 3.7(0.82)
3. The game controllersworked 4 3 2 3.0 (1.00) 4 3 4 3.7 (0.58) 3.3(0.82)
the way | wanted them to
4. Itwaseasy to put thecontrollers 5 4 4 4.3 (0.58) 4 3 4 3.7(0.58) 4.0 (0.63)
on and take them off
5. Thecontrollersmadelittiencise 5 4 5 4.7 (0.58) 4 4 4 4.0 (0.00) 4.3(0.52)
6. Thetelevison wasasuitable 4 4 4 4.0 (0.00) 4 4 4 4.0 (0.00) 4.0 (0.00)
distance away
7. The games were interesting 4 4 4 4.0 (0.00) 4 4 4 4.0 (0.00) 4.0 (0.00)
8.1 had nomusclepainor discom- 5 5 4 4.7 (0.58) 4 4 4 4.0 (0.00) 4.3(0.52)
fort
9.1 wasnot fatigued by theend of 3 4 3 3.3(0.58) 4 4 3 3.7(0.58) 3.5(0.55)
the game therapy session
10. | was not bored while exercis- 4 4 5 4.3(0.58) 4 4 4 4.0 (0.00) 4.1(0.41)
ing
11. Thelength of game exercising 4 3 4 3.7 (0.58) 4 4 4 4.0 (0.00) 3.8(0.41)
in aday was appropriate
12. There were few technical 3 4 4 3.7 (0.58) 4 3 4 3.7 (0.58) 3.7(0.52)
problems
13. 1 would encourage other pa- 4 4 4 4.0 (0.00) 4 5 4 4.3(0.58) 4.1(0.41)
tientsto useit
14. 1 liked the system overall 4 4 4 4.0 (0.00) 4 4 4 4.0 (0.00) 4.0 (0.00)
15. The controllerswereeasyto 4 4 5 4.3 (0.58) 4 5 5 4.7 (0.58) 4.5 (0.55)

slide along the table

8Reprinted by permission of Bright Cloud International.

BPartici pants' average score for al questionsis 3.97 (SD 0.03).
CParticipant 1 average score for all questionsis 3.95 (SD 0.67).
YPartici pant 2 average score for all questionsis 3.95 (SD 0.42).

Table 2 shows the subjective evaluation itemsfor the attending
therapists. Thisinvolved rating on asimilar 5-point Likert scale,

https://rehab.jmir.org/2022/2/e26990

but the items used were different from those presented in Table
1. Thetherapists' questionswere designed to gaugetheir ability
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to learn how to use the system, their perceived level of case
discomfort, the appropriateness of training intensity onthe BAC
robotic table, and overal level of satisfaction with the system.

Burdeaet d

The therapists' ratings of the system are included as well in
Table 2.

Table 2. Therapist evaluation scores (1=least desirable outcome and 5=most desirable outcome) for the BrightArm Compact system at the completion

of the experimental training (session 12)2.

Items Scores Question average
score (SD)b
Therapist 1¢ Therapist 29
1. It was easy to learn how to use this system 4 4 4.0 (0.00)
2. It was easy to show the patient how to use the system 4 2 3.0(1.41)
3. It was easy to set up and run the session 4 2 3.0(1.41)
4. 1t was easy to manually enter notes during the session 3 4 3.5(0.72)
5. It was easy to put the controller on and take it off 4 4 4.0 (0.00)
6. The controller provided good grasp training 5 5 5.0 (0.00)
7. The controller provided good finger-extension training 4 5 45 (0.71)
8. Patients did not appear to experience discomfort during exercises 4 5 4.5(0.72)
9. The system reduced amount of OT® assistance needed 4 3 3.5(0.71)
10. There were few technical problems using the system 4 2 3.0(1.41)
11. Thelength of exercise was appropriate for the patient 4 4 4.0 (0.00)
12. The session reports provided useful information 4 4 4.0 (0.00)
13. Theintensity of training was appropriate 5 3 4.0(1.41)
14. Overall, | am satisfied with this system 5 4 45 (0.72)

8Reprinted by permission of Bright Cloud International.
bTherapist’s average score for all questionsis 3.89 (SD 0.62).
“Therapist 1 average score for all questionsis 4.1 (SD 0.53).
dTherapist 2 average score for all questionsis 3.6 (SD 1.08).
€OT: occupational therapist.

Protocol

Each participant was seated at the BAC system such that the
abdominal areatouched the inside of the table cutout. Next, the
table height was set to ensure comfortabl e supported movement
of the arms, with minimal shoulder discomfort. Subsequent to
the vital signs being checked and the game controllers being
donned, the therapist instructed the participant to perform arm
reach horizontally and vertically, grasp, extend fingers, and
finally move the supporting arm in pronation and supination
directions. The protocol set week 1 training to be unimanual
(unilateral); thus, baselining captured only the affected UE. In
weeks 2 and 3, both UEs were baselined and trained. Each
$ession was paused automatically midway to alow the therapist
to recheck vital signs. Checking of vital signs was repeated at
the end of every session. Sessions could be paused to introduce
arest period in case the participants felt fatigued or experienced
pain.

Each case study participant trained every other day, including
weekends, and completed 12 sessions over 3 weeks of
experimental training. The session duration lengthened
progressively, from 15 minutes of exercising in week 1 to 20
minutes in week 2 and 30 minutes of gameplay in week 3.

https://rehab.jmir.org/2022/2/e26990

During this period, the participants played 4 different gamesin
week 1, 6 gamesinweek 2, and 8 gamesin week 3. Thesegame
sequences were repeated as needed to complete the prescribed
session exercise duration for that week. Game difficulty was
preset to easiest level in week 1 and was progressed
automatically such that the hardest levels were in week 3.
Playing bimanually (using both hands) in weeks 2 and 3
increased physical and cognitive effort requiring hand-eye
coordination and split attention.

During each session, the engineer used TeamViewer [38] to
remotely access the system. The remote access allowed the
engineer to monitor and assist experimental sessions in real
time remotely, if needed. Technical issues were addressed in
consultation with the therapist, and any required software
updates were completed overnight.

Researchers al so accessed a password-protected project portal
separately. Information stored on this portal was graphed
longitudinally to better gauge participants progress based on
system-generated variables and system-generated rehabilitation
session reports. Thesefunctionalitieswere available at any time,
regardless of whether a rehabilitation session was in progress.
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In addition to the BAC experimental therapy, the 2 cases
received physical therapy, occupational therapy, and speech
therapy as inpatients at the PowerBack Rehabilitation facility.
Each week they received 6-7 sessions of physical therapy lasting
for 45 to 60 minutes each, 6-7 sessions of occupational therapy
lasting for 45 to 60 minutes each, and 5 sessions of speech
therapy lasting for 30 minutes each.

Ethical Consider ations

Initial human participant approval was received from the
Western Institutional Review Board (Protocol#20101313; now
renamed WCG IRB), and participants provided informed
consent.

Burdeaet d

Results

Outcomes

The participants game performance progression during the 3
weeks of experimental BAC training is shown in Table 3.

The changes in motor impairment, function, and ADL
independence are shown in Table 4, whereas Table 5 shows
changes in the participants' emotive and cognitive functions.

The main game performance variables over the 12 experimental
sessions are displayed in Figure 4. The systolic and diastolic
blood pressure progression over the 3 weeks of experimental
training for the 2 cases are represented by graphsin Figure 5.

Table 3. Game performance outcomes for the 2 cases over 3 weeks of training with the BrightArm Compact therapeutic game system. Each case's

session 1 game performance and highest one are presented for comparison?.

Outcomes Casel Case 2
Session 1 Highest Session 1 Highest
Games targeting motor training
Session arm repetitions 75 504 122 957
Repetitions per minute 5 18 8 29
Session grasps 50 220 108 224
Grasps per minute 3 7 7 7
Finger extensions 10 198 62 179
Extensions per minute <1 6 4 6
Games targeting cognitive training
Game average difficulty (per session) 15 35 15 29
Cognitive training time (minutes per session) 16 34 16 33

8Reprinted by permission of Bright Cloud International.
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Table 4. Changesin the cases affected upper extremity impairments, function, and independence in activities of daily living over 3 weeks of training
with the BrightArm Compact system?

Outcomes Casel Case2
Before the Before the
training After thetraining  Difference training After thetraining  Difference

Upper extremity motor impair ments

Shoulder strength (anterior deltoid; 4.4 111 6.7 8.9 20.0 111
NP)
Shoulder strength (lateral deltoid; N) 0 6.7 6.7 6.7 133 6.6
Grasp strength (N) 194 247 53 (61)%4 % m 15 (49)°°
Three-finger pinch strength (N) 36 47 11 12 14 2
Shoulder flexion (°) 100 117 17 118 139 21
Shoulder extension (°) N/AE N/A N/A 22 24 2
Shoulder abduction (°) 92 118 26 110 121 11
Shoulder adduction (°) 20 33 13 a1 50 9
Elbow flexion (°) 120 131 11 127 141 14
Elbow extension (°) -20 -10 10 0 0 0
Elbow pronation (°) 45 70 25 63 90 27
Elbow supination (°) 40 70 30 57 90 33
Thumb MCP flexion (°) 80 84 4 %0 90 0
Index finger MCP flexion (°) 78 82 4 90 90 0
Middle finger MCP flexion (°) 85 85 0 90 90 0
Ring finger MCP flexion (°) 80 87 7 90 90 0
Little finger MCP (°) 78 78 0 90 90 0

Upper extremity motor function
Fugl-Meyer upper extremity score 45 55 11(9to10)¢ 52 62 10 (9 to 10)¢
(maximum 66; higher is better)
Jebsen Test of Hand Functiontotal 147 126 -21 (-20.8)¢ 82 57 —25(-20.8)¢
completion time (seconds; lessis
better)
Chedoke Arm and Hand Activity In- 40 51 1 (6.3)d 44 58 14 (6.3)d
ventory score (maximum 63; higher
is better), bimanual
Upper Extremity Functional Index 20 32 51 19 (8)¢ 57 80 23 (8)¢

8Reprinted by permission of Bright Cloud International.
BN: newton.

CDifferent minimal clinically important difference values for grasp strength reflect arm dominance versus arm affected. A 0° angle value indicates full
extension to astraight arm (for elbow) and a straight hand for finger metacarpophalangeal joints.

dMinimal clinically important difference for that measure.
EN/A: not applicable.
fMcp: metacarpophalangeal joint
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Table 5. Emotive and cognitive outcomes of the cases who were in the early subacute phase after stroke®.

Burdeaet d

Categories and assessment Casel

Before thetraining

After the training

Case 2

Before thetraining

After thetraining

Emotive

Mood and per sonality

Beck Depression Inventory, Second Edition 4 big better) 0 5 8 (60%1 ©)
Cognitive
Attention and processing speed
Neuropsychological Assessment Battery
Digits forward 10 6 (40%1) 5 10 (100%t1)
Longest digit span forward 7 5 (40%!) 5 7 (40%t1)
Digits backward 3 4 (33%1) 3 4 (33%T1)
Longest digit span backward 2 4 (100%?1) 4 4 (0%)
Dots 3 1(66%!) 2 5 (150%1)
Trail Making Test A
Trails A 189 >300 1 (59%t) 72 82 (14%1)
Verbal memory
Hopkins Verbal L earning Test—Revised
Trials1to3 18 19 (5%1) 12 11 (40% 1)
Delayed recall 5 4 (20%:) 0 0
Recognition discrimination score 7 12 (71%?) 4 6 (50%t1)
Visual memory
Brief Visuospatial Memory Test, form 2
Tridls1to3 5 6 (20%t1) 5 4 (40%:)
Delayed recall 2 3(50%*) 3 2 (40%.)
Recognition discrimination score 2 2 (0%) 1 3(200%t1)
Orientation
Neuropsychological Assessment Battery, form 2
Person 14 14 (0%) 14 14 (0%)
Time 8 7 (12%1) 6 5 (40%1)
Place 3 3 (0%) 3 4(33%1)
Executive functioning
Trail Making Test B >300 (D/C)? >300 (D/C) >300 (D/C) 194 (35%! )
Neuropsychological Assessment Battery
Word generation, total number of words 5 4 (20%:) 4 5 (25%t1)
Word generation, total number of persever- 0 0 (0%) 1 0 (100%. )

ations

8Reprinted by permission of Bright Cloud International.

bArrows pointing down symbolize a decrease in the respective variables post intervention.
CArrows pointing up symbolize an increase in the respective variables post intervention.

dD/C: test discontinued after exceedi ng 300 seconds maximum allowed time.
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Figure 4. Game performance for the 2 participants early subacute phase after stroke training on the BrightArm Compact robotic rehabilitation table.

Reprinted by permission of Bright Cloud International Corp.
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Figure 5. Participants’ blood pressure progression over 12 BrightArm Compact rehabilitation sessions. Reprinted by permission of Bright Cloud

International Corp.
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Game Performance Outcomes

As seen in Figure 4, case 1's first session on the BAC system
had only 75 movement repetitions of the affected left arm.
However, he attained 504 total (right+left) arm repetitions by
his last experimental training session, which was played
bimanually. The number of grasps grew from 50 in the first
session to a maximum of 220 grasps for left and right hands
combined. Similarly, the number of finger extensionsgrew from
10 for the hand in the first session to a high of 198 combined
left- and right-hand extensions per session in session 10.

The aforementioned increasesin repetitionswere duein part to
longer sessions, more challenging gamelevels, and progressing
from unilateral training in week 1 to bilateral training in weeks
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2 and 3. A measure that normalizes for session duration is the
training intensity because it reports repetitions per minute. For
case 1, training intensity grew by 360% for arm movements per
minute, 233% for grasps per minute, and 600% for finger
extensions per minute.

Asthe game-based rehabilitation wasintegrative, it incorporated
cognitive training. As a measure of cognitive task complexity
(cognitive load), the game difficulty increased for case 1 from
an average level of difficulty of 1.5 in thefirst session to ahigh
of 3.5 average game difficulty per session during the 3-week
training. The number of cognitive training minutes per session,
indicating cognitive endurance, more than doubled, from 16
minutes in session 1 to 34 minutes of cognitive training per
session during the 3-week training.
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Motor I mpairment

The motor impairment before and after the training for case 1
is shown in Table 4 for the affected nondominant left arm.
Shoulder strength increased by 6.7 N for the anterior and lateral
deltoid muscles, indicating the efficacy of the
gravity-modulating rehabilitation table. Hand grasp strength
increased from 194 N before the training to 247 N after the
training. This gain of 53 N was below the 61 N minimal
clinically important difference (MCID) in grasp strength increase
in the nondominant arm for populations in the subacute phase
after stroke. The 3-finger pinch strength went from 36 N before
thetrainingto 47 N after thetraining (31% improvement). There
were increases in the affected arm’s active range of movement,
most notable for shoulder abduction (26° rangeincrease), elbow
pronation (25° increase), and supination (30° increase). Range
of movement when flexing fingers improved dightly from
before the training to after the training for the metacarpal joint.
His finger-extension range did not improve because he had
normal extension before the training.

Motor UE Function

Case 1's UE function improved, with his Fugl-Meyer score
increasing 11 points, above the MCID of 9-10 points for
individuals in the subacute phase after stroke [39]. He became
faster in smulated ADLSs, with a 21-second reduction in the
time it took to complete the Jebsen Test of Hand Function
(MCID —20.8 secondsfor chronic stage [40]; however, no value
exists for patients in the subacute phase after stroke). Case 1's
independencein bimanual ADLs, measured by his score on the
Chedoke Arm and Hand Activity Inventory, increased by 11
points, well abovethe MCID of 6.3 pointsfor thismeasure[30].
On the standardized UEFI 20-question self-report, case 1'sscore
increased by 19 points, more than double the corresponding
MCID of 8 points[31].

Emotive and Cognitive Outcomes

Beforethetraining, case 1'sBDI-11 score of 4 indicated minimal
depression. After thetraining, hisscorewas0, indicating normal
mood. As seen in Table 5, case 1's neurocognitive evaluation
showed a negative gain in his executive function (NAB word
generation raw score decreased from 5 before the training to 4
after the training). This was matched by worse performancein
Trail Making Test Part A from 189 seconds before the training
to >300 seconds after the training (unableto perform), indicating
diminishing attention and processing speed. However, there
was improvement in 2 of the 3 scores of visua memory,
measured with the Brief Visuospatia Memory Test—Revised,
and similarly in 2 of the 3 scores of verbal memory, measured
with the Hopkins Verbal Learning Test—Revised.

Subjective Evaluations

Table 1 shows case 1's rating of the technology at the end of
every week of training (3 forms were filled). With the increase
in game difficulty and session duration, his scorefor the question
“The game controllers worked the way | wanted them to”
progressively dropped from 4 to 3 to 2 (an average of 3, SD
1.00, out of 5). Scores for the question “ The system was easy
to use” saw a similar downward trend in the last and most
difficult week of training (from 4 to 4 to 2). Case 1 indicated

https://rehab.jmir.org/2022/2/e26990

Burdeaet d

that he felt fatigued and scored low on the question “1 was not
fatigued at the end of the game therapy sessions,” with an
averagerating of 3.3, SD 0.58, out of 5. The highest scoreswere
for the questions “ The controllers made little noise” and “1 had
no muscle pain or discomfort,” both receiving an average score
of 4.7, SD 0.58, out of 5. Despite some perceived difficulties
with the controllers and hisfatigue, case 1 gave an average score
of 4, SD 0.00, out of 5 to the statements “I would encourage
other participantsto useit,” and “I liked the system overall”

Theattending OT for case 1 was equally positive, giving perfect
scores to the statements “ The controller provided good grasp
training,” “The intensity of training was appropriate,” and
“Overadl, | am satisfied with the system.” The therapist was
neutral (3 out of 5) when rating the ease of manually entering
notes during the session, but 10 other statements were rated 4
out of 5.

Vital Signs

Over the 3-week training, case 1's systolic and diastolic blood
pressure values showed a decreasing trend at the end of each
session. Readings dropped from 157/91 mm Hg after session 1
was completed to 126/74 mm Hg at the end of the last therapy
session (Figure 5). Pulseincreased slightly from 63 to 73 beats
per minute for the same timeline.

Case?2

Game Performance Outcomes

Asseenin Figure4, affected arm movement repetitionsfor case
2 started at 122 in session 1 and grew to a high of 957 total
(left+right) arm repetitions per session in session 9. His grasp
counts grew from 108 in session 1 to a maximum of 224 grasps
(left and right hands combined) in session 10. Similarly,
finger-extension counts increased from 62 in the first session
to ahigh of 179 combined left- and right-hand extensions per
session during the 3-week training. Case 2's training intensity
(repetitions per minute) grew by 362% for the arms and 150%
for extensions per minute, but therewas no increaseinintensity
for grasp training. Furthermore, there was a drop in grasp and
finger-extension repetitions for the last 2 sessions. During that
time, case 2 was tired; his last session had to be postponed by
1 day and ended up being shorter by one-third than initially
planned.

Cognitive load increased for case 2 in proportion to the average
game difficulty, which grew from 1.5 on average in the first
session to a high of 2.9. Cognitive endurance, reflective of the
length of play minutes per session, grew from 16 minutes in
session 1 to 33 minutes of cognitive training per session toward
the end of the 3-week training.

Motor I mpairment

Motor impairment changes for case 2 on his affected left arm
(also his dominant UE) are shown in Table 4. From before the
training to after the training, his shoulder strength increased by
11.1 N for the anterior deltoid and by 6.6 N for the lateral
deltoid, a vital outcome of the gravity-modulating feature of
the BAC robotic rehabilitation table. Grasp strength improved
from 96 N before the training to 111 N after the training. The
15-N gain was less than the MCID in the dominant arm of 49
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N. With regard to 3-finger pinch strength, it grew from 12 N
before the training to 14 N after the training (a 16%
improvement). Affected arm active range of movement saw
increases mainly in shoulder flexion (21° increase), elbow
pronation (27° increase), and supination (33° increase). Case 2
had no change in his fingers range of movement, either in
flexion or in extension, because they had normal range before
the training.

Motor UE Function

Case 2's UE function improved, with his Fugl-Meyer score
increasing 10 points, equal to the MCID of 9-10 points for this
measure. His speed of completing simulated ADLSs, measured
by the Jebsen Test of Hand Function, increased, resulting in a
reduction in the task completion time of 25 seconds. This is
better than the M CID of 20.8 seconds reduction for thismeasure.
Bimanua ADL independence, measured by the Chedoke Arm
and Hand Activity Inventory, improved by 14 points, well above
the corresponding MCID of 6.3 points. On the standardized
subjective UEFI 20-question self-report, the scoreimproved 23
points for case 2, amost 3 times the UEFI MCID of 8 points.

Emotive and Cognitive Outcomes

Beforethetraining, case 2'sBDI-11 score of 5indicated minimal
depression. After the training, his depression severity had
increased in the minima range (score of 8). Case 2's
neurocognitive evaluations showed across-the-board gains in
al his 6 tests of attention and processing speed. Executive
function (NAB word generation raw score) increased from 4
before the training to 5 after the training. There were mixed
outcomesin the tests for visual memory and similarly in those
for verbal memory.

Subjective Evaluations

Case 2 gave an overall positive rating of the technology,
averaging 3.95, SD 0.42, out of 5. His lowest average score of
3.7, SD 0.58, out of 5 wasfor the questions “ Instructions given
to me were useful,” “The game controllers worked the way |
wanted them to,” “It was easy to put the controllers on and take
them off,” “I was not fatigued by the end of the game therapy
sessions,” and “ There were few technical problems.” In addition
to these above-average scores, case 2 responded very positively
to the question “I would encourage other patients to use it,”
which he scored at an average of 4.3, SD 0.58, out of 5. His
highest average rating of 4.7, SD 0.58, out of 5 was for the
statement “ The controllers were easy to dlide along the table.”

A different OT attending case 2'straining was equally positive,
giving perfect scoresto the statements“ The controller provided
good grasp training,” “The controller provided good finger
extension training,” and “Patient did not appear to experience
discomfort during exercises.” The lowest ratings of 2 out of 5
werefor “It was easy to show the patient how to use the system,”
“It was easy to set up and run the session,” and “There were
few technical problems using the system.” The therapist agreed
that they were satisfied with the system overall, with arating
of 4 out of 5.

https://rehab.jmir.org/2022/2/e26990
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Vital Signs

Case 2 started with very low blood pressure (80/52 mm Hg after
session 1) and an elevated pulse of 81 beats per minute.
Nonetheless, the attending physician and therapist had approved
the participant for all activities, including the research study.
Over the 3 weeks of experimenta training, his systolic and
diastolic blood pressure values increased steadily and his pulse
rate improved. By the end of the last session, case 2's blood
pressure reading was 98/61 mm Hg and his pulse was 69 beats
per minute.

Discussion

Principal Findings

The BAC rehabilitation system described here is an
improvement over its BrightArm Duo predecessor in
compactness (smaller footprint), the functionality of game
controllers (added ability to detect finger extension as well as
arm pronation and supination), and better tracking of UE 3D
movement (tracking on and off the table vs only on the table
for the BrightArm Duo). According to the subjective evaluation
results, the OTs who were assisting the participants were
satisfied with the technology (average score of 3.89, SD 0.62,
out of 5) and successfully used it throughout the protocol. This
indicates ease of learning of the new system because 2 different
OTswere able to use it successfully.

Participants did not drop out or miss sessions. Their overall
rating was positive (average 3.97, SD 0.03, out of 5), despite
technical problems encountered, because this was the first
clinical feasibility trial of the BAC system. Another possible
explanation for the score stems from the exhaustion the
participants may have experienced. The system received a
positive rating in spite of game-based training intensity (up to
18-29 arm repetitions and 7-8 grasps every minute) and the fact
that the participantswerein the early subacute phase after stroke.

In this study, both participantsimproved from before the training
to after the training in terms of their grasp strength (27% and
16%) and 3-finger pinch strength (31% and 17%). The
improvements in grasp strength were below the MCID for
subacute phase after stroke, which may be due to splitting of
training time among finger flexion, extension, and forearm
rotation movements instead of focusing on grasp alone.

By comparison, both participants had an improvement in UE
function that was at or above the MCID for all four functional
outcomes (Fugl-Meyer Assessment, Jebsen Test of Hand
Function, Chedoke Arm and Hand Activity Inventory, and
UEFI). The improvements in coordinated movements may
explain the functional improvements seen in these individuals.

In the mood domain, the results were mixed, with depression
severity reducing for case 1 (from minima to normal) but
increasing minimally (within normal variability) for case 2
(Table5). Inthe cognitive domain of attention, both participants
improved their auditory working memory as measured by the
NAB digitsbackward subtest. In verbal memory, both improved
in the recognition discrimination score (part of the Hopkins
Verbal Learning Test—Revised). However, in the executive
function domain, case 2 improved substantially in Trail Making
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Test B and in the NAB word generation subtest, whereas case
1 recorded negative gains on these tests. The combination of
lower hand function, cognitive deficits, and depression may
explain the overall lesser gains made by case 1.

Exit interviews were not conducted with the 2 cases, and their
subjective evaluation form did not provide for comments on
their experience. However, the therapists assisting the 2
participants took notes during their BAC sessions and on their
feedback forms. The therapist assisting case 1 wrote that all
movements needed assistance during week 1: “Patient needs
verbal cues most of the time to squeeze/release and at times
cuesfor which direction to movearm.” Inweek 2, thistherapist
noted as follows: “ Different card categories is a nice element,”
and in week 3, presumably with case 1 showing improvement,
the therapist suggested, “ Obstacles needed for Pick-and-Place
toraiseitemsover structure.” In the subjective BAC evaluation,
this therapist wrote as follows: “Consider ‘symbols to
encourage bimanual hand use. Larger Dum Circles for [week
3] difficulty.”

Thetherapist assisting case 2 wrote that during thefirst sessions,
the movements needing assistance were forward reaching and
lifting arm up: “ [Case 2 needed] verbal/tactile cues to lift UE
up when choosing game...voi ce cuesto extend/grasp hand during
Towers game.” During the last week’s sessions, this therapist
noted, “ Subject enjoyed to use both hands simultaneously for
Pick-and-Place rather than unilaterally...[had] difficulty with
Drums.” This observation provides a clue to the degree of
functional improvement in case 2. Specifically, being able to
simultaneously move the arms to reach targets while following
2 ideal trajectoriesimplies ability to split attention and improved
motor control.

Limitations

Thisstudy included alimited number of participants (N=2), and
the results cannot be generalized. This was due to atemporary
drop in new admissionsto thefacility after the system had been
installed, combined with the logistics of starting a follow-up
randomized controlled trial (RCT) at another facility. This
combination of factors limited the pool of potential candidates
for the feasibility study described in this paper.

The BAC virtua rehabilitation component was added to the
SOC rehabilitation that the participants were receiving as
patients at an inpatient rehabilitation facility for patientsin the
subacute phase after stroke. During the 3 weeks of participation,
the participants had 12 virtual rehabilitation sessionsand 4 times
asmany SOC sessions (physical therapy, occupational therapy,
and speech therapy). Thus, it is not possible to tell whether the
VR intervention, SOC, or natural recovery was responsible for
the improvements in their motor and cognitive domains.
However, theimprovementsin gameplay were specificto BAC,
as was the much higher training intensity (repetitions per
minute), as opposed to SOC.

Comparison With Prior Work

Other robotic rehabilitation tables exist in clinical use, such as
the Bi-Manu-Track (HASOMED). Its shape resembles that of
the BAC rehabilitation table in its center cutout, although the
tableis only horizontal, and bimanual training is for pronation
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and supination and finger flexion and extension. Although the
Bi-Manu-Track does not have a VR component, its electrical
actuatorsallow active and passivetraining of theimpaired arms,
whereas the BAC rehabilitation table only alows active UE
training.

An open question within the rehabilitation robotics research
community iswhether robotic rehabilitation is superior to SOC
of equal dosage and intensity when outcomes and costs are
compared. One such study involved the Bi-Manu-Track as part
of an RCT on 50 patients who were in the subacute phase after
their first stroke [40]. The experimental group underwent
training on several electrical devices, including Bi-Manu-Track,
for 30 minutes, plus 30 minutes of individualized arm therapy,
5 days per week for 4 weeks. The control group had a matched
duration and frequency of individualized arm therapy. The
researchers reported no between-group differences in pre-post
gains in the Fugl-Meyer Assessment, with the robot-assisted
group therapy bearing half the cost of individualized arm

therapy.

Another open question is whether game-based training added
to SOC UE rehahilitation for patientsin the subacute phase after
stroke will produce higher outcomes than SOC alone. An RCT
conducted by Wang et a [41] involved individual swho averaged
7.5 weeks after stroke and were assigned equally to an
experimental group (n=13) and a control group (n=13). Each
group received daily sessions of occupational therapy for 45
minutes, 5 days per week for 4 weeks. The experimental group
received additional daily gaming sessions for 45 minutes each
over the same duration, whereas the control group received a
second occupational therapy session of equal length each day.
Oncethe 4 weeks of experimental intervention were completed,
all participants continued with one 45-minute session of standard
occupational therapy, 5 days per week for 4 weeks. The pre-post
outcome comparison using the Wolf Motor Function Test [42]
showed a higher quality score for the experimental group, and
the Wolf Motor Function Test time for the experimental group
was significantly shorter than that for controls.

In amore recent study on patientsin the acute and early subacute
phase after stroke [43], researchers reported on an RCT where
7 participants had SOC (occupational therapy, physical therapy,
and speech therapy) plus 8 sessions (1 hour each) of UE VR
and robotics training. The control group consisted of 6
participants who received only their SOC rehabilitation. The
pre-post comparison showed significantly larger gains on the
Fugl-Meyer Assessment and the wrist active range of motion
for the experimental group than for the control group. This study
supportsthe belief that adding robotic and VR rehabilitation to
SOC benefits patients early after a stroke. Although the BAC
case study presented here did not compare with SOC alone,
experimental training was nonetheless beneficial to the 2
participants.

Conclusions

Thefeasibility case study presented hereisthefirst clinical trial
of the novel BAC system. Experimental training could be
administered easily by OTsat an inpatient rehabilitation facility
for patientsin the subacute phase after stroke and benefited the
2 participants. To better determine the effect of added BAC
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training on SOC, an RCT involving participants in the acute
and early subacute phase after stroke has been conducted. Data
fromthis RCT are currently being analyzed, and resultswill be
presented elsewhere.

In sum, the study contributes to the state of the science by
illustrating that individuals with stroke are able to train on an
integrative rehabilitation system with gainsin UE motor function
for different levels of severity of motor deficits. Another key
contribution to the field is the limited gain noted in mood and
cognition with training on the integrative system, which
indicatesthat the training protocol with and without SOC needs

Burdeaet d

to be re-examined. The responders and nonresponders to
technology-based rehabilitation training systems need to be
identified based on severity of deficit.

Another important finding is that participants liked the BAC
system and would recommend it to others, with overall rating
of their experience at 79% (3.95 out of 5). Thisis remarkable
in view of the relative novelty of the system to, and high
technology use by, older adults. This study supports an
increasing body of evidence that shows older adults as being
accepting of advanced technology in rehabilitation as long as
the technology isintuitive to use [44-46].
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Abstract

Background: People with intellectual and multiple disabilities tend to engage in very low levels of physical activity.

Objective: This review paper aims to provide a comprehensive picture of intervention programs using stimulation-regulating
technologiesto promote forms of physical activity in people with intellectual and multiple disabilities.

Methods: Following the PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for
Scoping Reviews) checklist, a scoping review was conducted to identify and provide a synthesis of eligible studies published in
English between 2010 and 2021. Studieswere identified by searching PubMed, Web of Science, PsycINFO, ERIC, and CINAHL
aswell as by using Google Scholar and manual searches. Studies were included if they involved individuals with intellectual or
multiple disabilities, used stimulation-regul ating technology systemsto help participants engage in physical activity, and reported
data on the impact of the intervention.

Results: A total of 42 studies met theinclusion criteria. These studieswere divided into 2 groups based on whether they pursued
theincreasein physical activity through technology-aided delivery of brief periods of preferred stimulation contingent on specific
responses or the use of video games (exergames) and related auditory and visual stimulation. Subsequently, anarrative synthesis
of the studies was provided.

Conclusions: The evidence reported by the 2 groups of studies is encouraging. However, further research is needed to compare
the overall applicability and impact of the intervention strategies proposed by these groups of studies.

(JMIR Rehabil Assist Technol 2022;9(2):€35217) doi:10.2196/35217
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Introduction

Background

Peoplewith intellectual disabilities or multiple disabilities, such
as combinations of intellectual disability and motor or sensory
impairments, tend to have low (minimal) levels of physical
activity compared with their typica counterparts [1-6]. Some
of the more frequently reported consequences of people's
reduced levels of physical activity include (1) curtailment of
their interaction with the surrounding environment and of their
opportunities to learn new associations and (2) weakening of
their health condition in areas such as breathing, muscle tone,
and blood circulation[7-11]. Lack or reduced levels of physical
activity may a so create asense of dependence and hel plessness,
which seriously interfereswith people’s acquisition of initiative
and self-determination and thus with their development and
social achievement [12-15].

In light of this, there is a consensus on the need to develop
intervention strategies to help people with intellectual and
multiple disabilitiesincreasetheir level of physical activity and
hence reduce or even prevent the af orementioned consequences
of low physica activity levels [16,17]. Different types of
intervention programs have been suggested for this purpose. A
number of those programs, for example, were based on the use
of staff, parents, or caregivers supervision and prompts for
guiding the participants through various forms of activity, which
could aso involve the use of exercise devices (eg, treadmills
and stationary bicycles) [18-23].

Other programshave relied on the use of stimulation-regul ating
technologies. Such technologies generally involve sensorslinked
to computers or virtual reality systems that monitor the
participants' activity engagement and respond to the engagement
by delivering specific forms of stimulation aimed at motivating
and enhancing it. In essence, these technologies are designed
to facilitate participants engagement in a pleasant and
motivating manner and, to a large extent, independent of staff
direct and consistent guidance [24-28]. Programs based on these
technologies, which have received increasing recognition over
the years [29-32], seem to represent a relevant intervention
option for several reasons [10,33-37].

First, ensuring stimulation delivery may be critical to promote
activity motivation in people who, owing to their intellectual
disabilities, (1) may fail to understand the importance of
engaging in physical activity (the positive impact that engaging
in physical activity may have on one's physical condition,
appearance, and well-being) and thus (2) may lack such
motivation [27,38,39]. Second, the possibility of resorting to
stimul ati on-regul ating technol ogies to manage the intervention
approach, that is, response monitoring and appropriate
stimulation delivery, would (1) avoid extra demands on staff
time and (2) create practica and affordable conditions for
facilitating and supporting physical activity in people who need
improvement in this area [26,40]. Third, programs based on
stimulation-regul ating technol ogies do not force the individual
to engage in activity, but rather promote the individua’s
self-determination and ultimate choice of engaging in activity
[27,39,41]. Thislast point may be considered important because
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it emphasizes the programs respect for individual freedom
while supporting the individual’s rights to rehabilitation
opportunities and well-being. Moreover, free (self-determined)
activity engagement islikely to prevent any experience of stress
and anxiety, which could materialize in the case of strict staff
supervision and repeated prompting [42-45].

Per spective

Anoverview of studiesthat have assessed intervention programs
based on stimulation-regulating technologies to promote
physical activity in people with intellectua and multiple
disabilities could provide practically relevant information with
regard to (1) the characteristics of the participants involved in
the programs, (2) the technology arrangements used to monitor
the participants’ activity responses and deliver stimulation, (3)
the measures used to determine theimpact of the programs, and
(4) the overdl impact findings. Although a recent effort was
reported to synthesize the evidence in this area [46], such an
effort (1) focused exclusively on studies assessing the impact
of programs relying on video games and (2) included only 7
studies directed at people with intellectual disability over the
2010-2021 period.

This paper provides a comprehensive picture of intervention
programs that use stimulation-regulating technologies to
promote forms of physical activity in people with intellectual
and multiple disabilities by reviewing studies carried out
between 2010 and 2021 (ie, a period of relevant innovationsin
the field of stimulation-regulating technologies [47-49]). Such
a picture would be expected to help professionals working in
the area gain a clear appreciation of (1) the applicability
(potential and limits) of intervention programs based on
stimulation-regulating technologies and (2) the importance of
exploring new intervention options and pursuing new research
initiatives.

Methods

Search Strategy

A systematic search was conducted following the PRISMA-ScR
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses extension for Scoping Reviews) [50] to identify
studies that reported intervention strategies based on
stimul ation-regul ating technol ogiesto promote physical activity
in personswith intellectual and multiple disabilities. A scoping
review approach was used, as our aim was to portray the
technology options being used in the area and their overall
applications and reported outcomes [51]. The systematic search
for articles was conducted using the following databases:
PubMed, Web of Science, PsycINFO, ERIC, and CINAHL.
Thelast 3 databases were searched using the EBSCO platform.
The same free-text terms were used for each database and
combined by means of Boolean logical operators (and, or) to
reduce the number of nonpertinent results. Theresulting search
syntax for all databaseswas asfollows:. “mobility” OR “physical
activity” OR “exercise” OR “passive’” OR “sedentary” OR
“obesity” AND “technology” OR “computer” OR “mobile” OR
“digital” OR “smart” OR “wearable’ OR “game’” OR
“exergame” AND “learning disability” OR “intellectual
disability” OR “developmental disability” OR “multiple
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disability.” Databases and search terms were chosen based on
consensus among the authors.

In an attempt to possibly find additional suitable material, the
systematic search of the databases was supplemented with hand
searches and a Google Scholar—based cited by search of the
references of the articlesidentified through the systematic search
and other literature sources dealing with stimulation-regul ating
technologies and physical activity in people with disabilities.

Inclusion and Exclusion Criteria

Threebasicinclusion criteriawere used to select the studiesfor
the review. First, the studies involved individuals with
intellectual disability or multiple disabilities, that is, a
combination of intellectual disability with additional disorders,
such as sensory and motor impairments. Second, the studies
used stimulation-regul ating technology systemsaimed at helping
the participants engage in forms of physical activity such as
arm or leg stretching, walking, jogging, dancing, and bicycle
pedaling. All theseforms of engagement required acertain level
of physical exertion and thus could be viewed as physical
activity or exercise. Third, the impact of the intervention with
the technology systems on (1) the level of activity (frequency
of responses) performed or (2) some parameters of physical
functioning, such as resting heart rate and balance or leg
strength, was documented through specific data. Therewereno
restrictions in the inclusion criteria with regard to the age and
level of intellectual disability of the participants or the settings
in which the studies were conducted. Studies were excluded if
they (1) did not meet one of the aforementioned criteria (eg,
focused on participants with autism spectrum disorder [52-54]),
(2) were aimed at correcting the participants’ inappropriate or
problem behaviors during their activity engagement [55-57],
or (3) indicated the performance of occupational and functional
tasks asthe primary goal of theintervention, relegating theissue
of physical activity to a subordinate position with no specific
attention to it [58].

Data Extraction and Coding

A data charting form was developed by the first author (GEL)
and iteratively reviewed by all authors until a consensus was
achieved. In line with this form, the data extracted for each
study included (1) the year in which the study was published
and the country in which it was carried out, (2) the participants
involved, (3) the technology and stimulation conditions
available, (4) thedesign and onsused (the protocol followed
to assess the impact of intervention), (5) the responses
(measures) recorded, and (6) the outcome. Finally, following a
consensus-based approach among authors, codes were created
to group the studies included in the review into 2 categories.
The difference between categories was based on whether the
studies pursued the increase in physical activity through (1) the
delivery of brief periods (eg, 10 seconds) of preferred
stimulation contingent on (occurring immediately after the
performance of) specific responses, or (2) the use of active video
games (exergames) with related auditory and visua stimulation
(see the Results section).
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Interrater Agreement

Interrater agreement was checked between the first (GEL) and
the last (LD) authors (1) on scoring the eligibility of the 92
full-text articles, which were downloaded after the initial
screening of titles and abstracts and (2) on reporting the data
extracted from the articles reviewed (see the Results section).
The percentage of interrater agreement on the 92 full-text articles
was 92%; that is, the authors agreed (provided the same score
included or excluded) on 85 of the 92 articles. Consensus
between the authors on the 7 articles with initial disagreement
was then achieved after a brief discussion. The percentage of
interrater agreement on reporting the data extracted from the
articles reviewed (which was checked over the data extracted
from 10 articles) was 100%.

Results

Overview

The database search resulted in 2756 papers. The number of
papers was reduced to 2215 after duplicates and papers that
werenot in English wereremoved. Figure Lillustratesthe search
process and outcomes. Initially, the titles and abstracts of the
2215 papers were screened. When the titles and abstracts were
judged to bein linewith theinclusion criteria, the corresponding
full-text articles were downloaded. Following this process, 92
full-text articles were downloaded. The full-text articles were
then read by the first (GEL) and last (LD) authors, and 30 of
them were found suitable for inclusion in the review. The
supplementary searches led to the finding of 12 additional
articles, which were considered suitable for the review;
consequently, 42 articles were finally included in the review
(Figure 1).

The 42 studies (Tables 1 and 2, Multimedia Appendix 1
[10,12,27,28,32,35,37,59-78], and Multimedia Appendix 2
[26,33,34,36,47,79-88]) were conducted in Italy (n=15, 36%),
Taiwan (n=14, 33%), the United States (n=5, 12%), Chile (n=1,
2%), Egypt (n=1, 2%), France (n=1, 2%), Hong Kong (n=1,
2%), Israel (n=1, 2%), New Zealand (n=1, 2%), Portugal (n=1,
2%), and the Netherlands (n=1, 2%). A total of 465 participants
were included in the studies. This humber concerns persons
who were exposed to theintervention conditions (and excluded
persons exposed to control conditions). The studiesweredivided
into 2 groups (see the Data Extraction and Coding section).
The first group includes studies that focused on promoting
specific physical activity responses through
technology-regulated delivery of preferred stimulation
contingent on those responses (eg, promoting arm stretching,
ambulation, or pedaling responses by delivering brief periods
of preferred stimulation immediately after the performance of
those responses[27,35,37]). The second group includes studies
that focused on promoting physical activity through the use of
video games (exergames) and related auditory and visua
stimulation (eg, Wii- or other system-supported video games
involving activities such as dancing or playing sports
[33,79,80]).
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Figurel. PRISMA (Preferred Reporting Itemsfor Systematic Reviews and Meta-Analyses) flow diagram.

J [Identiﬁcaﬁon

] [Screening

] [Eligibility

Records identified through Additional records identified
database searching:

PubMed: n=1088
Web of Science: n=1261
EBSCO: n=407

through other sources
(n=3)

r

Records after duplicates and non-English

papers were removed

(n=2215)
r
Records screened Records excluded
(n=2215) (n=2123)
Full-text articles Full-text articles excluded,
assessed for eligibility with reasons
(n=92) (n=62)

Articles from additional
searches
(n=12)

+ General reviews or
opinion articles

[Included

https://rehab.jmir.org/2022/2/€35217

XSL-FO

RenderX

o (n=10)

* No intervention or no
specific data or no
congruity (n=52)

Studies included in
qualitative synthesis
(n=42)

IMIR Rehabil Assist Technol 2022 | vol. 9 | iss. 2 [€35217 | p.53
(page number not for citation purposes)


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

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Table 1. Studies based on the use of response-contingent stimulation.
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Studiesand coun-  Participants, n  Technology Design Responses (measures) Outcome
tries of origin (agein years)
Lancioni etal [59], 5(5.6-11.4) Optic or pressuresensors ~ Single-subject (ABAB; base-  Walker-aided step responses  Positive
Italy linked to acontrol system  line-intervention-basdline-inter-
vention) design

Shih et a [60], 2(17and 19) Wii remote control devices Single-subject (ABAB) design  Arm and leg movements Positive
Taiwan linked to amini computer

and television
Shih et a [61], 2(9and11) A Wii balance board linked Single-subject (ABAB) design Change of standing posture  Positive
Taiwan toamini computer and tele-

vision
Shih [62], Tawan 2 (17 and 18) 2 Wii balanceboardslinked Single-subject (ABAB) design  Walking from one Wii bal- Positive

to amini computer and tele- ance board to the other

vision
Shih et a [35], 2(17and 18) 3 Wii baanceboardslinked Single-subject (ABAB) design Walking acrossal Wii bal-  Positive
Taiwan toamini computer and tele- ance boards

vision
Tam et a [63], 6 (38-48) Pressure sensorslinkedto  Single-subject (multipleprobe)  Arm-hand and head move- Mainly positive
New Zealand electronic devices design ments
Shih et a [64], 4(14-17) Technology wasasin Shih  Single-subject (ABAB) design  Walking acrossthe Wii bal-  Positive
Taiwan et a [35] ance boards
Lancioni eta [12], 3(22-42) Optic sensors linked to a Single-subject (multipleprobe) Right and left leg-foot lifting Positive
Italy computer system design
Lancioni eta [65], 3(10.5-34) Technology wasasinLan-  Single-subject (ABAB) design  Walker-aided ambulation Positive
Italy cioni et a [59]
Shih et a [10], 2(16and 17) A gyrationair mouselinked Single-subject (ABAB) design  Body movements Positive
Taiwan to amini computer and tele-

vision
Stasollaand Caffo 2 (12and 17) Wobbleand optic sensors  Single-subject (multiple probe)  Object manipulation, walker-  Positive
[66], Itay linked to acontrol device  design aided ambulation, indices of

happiness, and stereotypies
Changeta [67], 2(16and17) Technology wasasinShih  Single-subject (ABAB) design Pedaling Positive
Taiwan eta [10]
Shih and Chiu 2(16and 17) A dancepadlinkedtoamini  Single-subject (multiple probe) In-place walking Positive
[68], Taiwan computer and television design
Lin and Chang 2(3.9and4.1) A sensor area, awebcam, Single-subject (ABAB) design  Feet lifting Positive
[69], Taiwan and a computer
Changeta [70], 4(10-18) Technology wasasin Shih  Single-subject (ABAB) design  Walking Positive
Taiwan eta [10]
Lancioni eta [71], 2(19and38) Optic, wobble and pressure  Single-subject (extended Arm-hand stretching and Positive
Italy sensorslinked toacomputer  ABAB) design standing
Lancioni eta [72], 9 (10-29) Technology wasasinLan-  Single-subject (ABAB or multi- Arm-hand and body stretch-  Positive
Italy cioni et a [71] ple probe) design ing
Stasollaeta [37], 2(5and6) An optic sensor linkedtoa  Single-subject (extended Walker-aided ambulationand  Positive
Italy control system ABAB) design indices of happiness
Lancioni eta [27], 11 (18-50) Optic sensors linked to a Single-subject (ABAB) design Leg or hand pedaling, step-  Positive
Italy computer ping movements, and heart
rates

Lancioni etal [28], 6 (16-40) Technology wasasin Lan-  Single-subject (ABAB or multi- Head, arm-hand and leg-foot ~ Positive
Italy cioni et a [71] ple probe) design responses
Stesollaet d [73], 5(13-17) Technology wasasin Stasol-  Single-subject (extended Walker-aided step responses  Positive
Italy laetal [37] ABAB) design and indices of happiness
Lancioni etal [74], 7 (27-52) A smartphone and cards Single-subject (multiple base-  Arm and body stretching and Positive

Italy

with codeidentification tags

line) design

indices of satisfaction
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Studiesand coun-  Participants,n  Technology Design Responses (measures) Outcome
tries of origin (agein years)

Lancioni eta [75], 7 (9-42) A smartphoneand asmall  Single-subject (multiple probe) Arm, leg, and head responses, Positive
Italy panel design heart rates, and indices of

happiness
Stasollaet a [32], 6 (5.8-9.6) Technology wasasin Stasol-  Single-subject (extended Ambulation responses, in- Positive
Italy laetal [37] ABAB) design dices of positive participation,

and self-injurious behavior
Lancioni eta [76], 7 (30-74) Technology wasasin Lan-  Single-subject (multiplebase-  Arm and body stretching, Positive
Italy cioni et a [74] line) design heart rates, and indices of sat-

isfaction
Shiheta [77], 3 (17 or 18) A dancepad linkedtoamini  Single-subject (multiple probe) Walking or running responses  Positive
Taiwan computer and toy cargotrain - design
Lancioni eta [78], 4 (24-39) A smartphone Single-subject (multiple base-  Independent or walker-aided  Positive

Italy

line) design

ambulation
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Table 2. Studies based on the use of video games (exergames).

Lancioni et al

Studiesand coun-  Participants,n  Technology Design Responses (measures) Outcome
tries of origin (ageinyears)
Abdel Rahman 15 (10-13) Wii Fit with balance Pre- and posttest pluscomparison  Standing balance Positive
[81], Egypt games with a control group
Lotaneta [80], 20 (37-58) GestureTek GX single Pre- and posttest pluscomparison  Heart rates at rest Positive
Israel camera-based video cap-  with acontrol group

ture VR® system
Wuangetal [82], 52 (7-12) VR using Wii gaming Pre- and posttest plus compar- ~ Motor proficiency, visual inte-  Positive
Taiwan technology isons with 2 control groups gration, and sensory integration
Bergeta [83], 1(12) VR using Wii gaming Pre- and posttest assessment Coordination, dexterity, bal- Positive
United States technology ance, and motor proficiency
Linand Wuang 46 (mean VR using Wii gaming Pre- and posttest pluscomparison  Muscle strength and agility Positive
[84], Taiwan 15.6) technology with a control group performance
Sademetal [85], 20(3.3-4.8) Wii Fit and Wii sports Pre- and posttest pluscomparison  Gait speed, balance, walking,  Partialy posi-
United States with a control group and grip strength tive
Coyleetd [26], 23(19-54) Sony Play Station'sDance Cross-over design Heart rates and self-reported DDR more ef-
United States Dance Revolution and preferences fective and Wii

Nintendo’s Wii sports preferred
Hsu[79], Taiwan 8 (mean 17.5) Wii Fit balance games Pre- and posttest plus compar-  Static balance, dynamic bal- Positive

isons with 2 control groups ance, and speed strength index

Silvaeta [36], 12 (18-60) Wii Fit balance board with  Pre- and posttest pluscomparison  Balancing, running, dancing,  Positive
Portugal strength and other games  with a control group and others
Goémez Alvarez 9 (6-12) Wii Fit balance board with  Pre- and posttest pluscomparison  Gross motor development, bal-  Positive
et d [86], Chile avariety of sport related  with acontrol group ance, locomotion, and manipu-

games lation
Ryuheta [34], 7 (mean20.3) JustDance3inconnection Alternation of control and video Heart rates, perceived exertion, Mainly positive
United States with the Xbox 360 and games and enjoyment

Kinect
McMahoneta  4(14-21) VR exercisegaming head- Single-subject (multiple probe)  Bicycle pedaling, heart rates,  Positive
[87], United set, stationary bicycle,and design and calories burned
States computer
Laueta [33], 121 (8-18) Activevideo games(Sport  Pre- and posttest pluscomparison  Body composition, physical Inconclusive
Hong Kong series) and the Xbox 360  with a control group activity level, and motor profi-

Kinect ciency
Enkelaar et al 9 (38-68) 2x3-m Light Curtainde-  Single-subject (multiplebaseline) Physical activity, happiness, Positive
[47], The Nether- vice with light-emitting design and well-being
lands diodes and Kinect
Perrot et a [88], 6 (mean49.3) Wiiexercisegamesinclud- Pre-and posttest pluscomparison  Muscular endurance, physical  Mainly positive

France

ing Wii Sports and Wii Fit
Plus

with a control group

fitness, and cognitive function-
ing

8/R: virtual reality.

Tables 1 and 2 provide preliminary information about the studies
conducted within the 2 groups. Multimedia Appendices 1 and
2 include brief summariesfor all these studies. Finaly, the text
presents a more detailed description of some studies. More
detailed descriptions are aimed at helping thereader (1) acquire
amore accurate view of the intervention strategiesimplemented
and outcomes obtained and (2) develop ideas for new research
and intervention strategies that would advance the level of
knowledge availablein the area.

Studies Based on the Use of Response-Contingent
Stimulation

Of the 42 studies, 27 (64%; including 112 participants; Table
1 and Multimedia Appendix 1) were conducted to promote

https://rehab.jmir.org/2022/2/€35217

physical activity viatechnology-regulated delivery of preferred
stimulation contingent on specific participants responses
[10,12,27,28,32,35,37,59-78]. The reasoning at the basis of
these studieswas that (1) the possibility of helping people with
intellectual and multiple disabilities engage in physical activity
may largely depend on the context’s ability to motivate them
to do so and (2) an effective way of motivating them could
involvethe use of preferred stimulation contingent on responses
considered functional for their physical activity [10,27,35].

As shown in Table 1 and, more specifically in Multimedia
Appendix 1, the studies adopted technology solutions, which
included, among others, sensors (microswitches) linked to an
electronic control system and stimulation devices, and dance
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pads or Wii balance boards linked to a mini computer and a
television set. The preferred stimulation availablefor the single
responses targeted during the studies could include auditory,
visual, and vibrotactile events. The single events could last
between approximately 2 and 12 seconds[10,27,71,72,74], with
the possibility of producing a continuous stimulation input if
responding occurred with consistency [12,37,65,68].

For example, Lancioni et a [59] worked with 5 children aged
5.6 to 10.1 years who presented with severe to profound
intellectual disability and motor and sensory impairments and
tended to be passive and sedentary. The study aimed to promote
walker-aided ambulation (step) responses and was conducted
according to an ABAB design (a single-subject design
aternating A-baseline and B-intervention phases) for 4
participants, whereas it only included an AB sequence for the
fifth participant. The stimulation-regul ating technol ogy consisted
of pressure sensorsfixed to the children’s shoes or optic sensors
fixed to the walker and an electronic control system. This
system, which waslinked to the sensors and stimulation devices,
monitored the participants performance of step responses
throughout the A and B phases of the study and regulated the
delivery of preferred (auditory and vibrotactile) stimulation
contingent on those responses during the B phases. The
stimulation events set for these responses typically lasted from
3 to 5 seconds. The participants mean frequency of step
responses during thefirst baseline varied between approximately
7 and 26 per 5-minute session. During the first intervention
phase of the study, the frequency showed more than a 3-fold
increase over the baseline levels. The frequency declined during
the second baseline phase and increased again during the second
intervention phase.

Shih [62] investigated the possibility of increasing the physical
activity of 2 participants aged 17 and 18 years with moderate
or profound intellectual disability and sedentariness. One of
these participants was also obese. The technology involved 2
Wii balance boards and a control system consisting of a mini
computer linked to the balance boards and atelevision set. The
participants were to walk from one balance board to another
and stand on it. This study was conducted according to an
ABAB design. During the A phases, the system only recorded
the number of responses (walking to and standing on a balance
board) the participants performed during the 3-minute sessions.
During the B phases, the system also provided the participants
with 6 seconds of preferred videos and music contingent on
each response. During thefirst baseline phase, participants had
a mean of approximately 3 responses per session. During the
first intervention phase, their response means increased 4 to 5
times, reaching nearly 13 and 15 per session. The frequency
decreased during the second baseline and increased again during
the second intervention.

Chang et a [67] worked with 2 participants aged 16 and 17
yearswith mild to moderate or severeintellectual disability and
excessive body weight. The aim of this study was to promote
the participants effective use of a stationary bicycle. The
technology system included a sensor (air gyration mouse) fixed
to a pedal of the bicycle and a mini computer linked to the air
mouse and atelevision set. The television set served to present
participants’ preferred videos and music. The study was carried
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out according to an ABAB design and included sessions of 3
minutes. During the baseline, the technology simply recorded
the participants pedaling time. During the B phases, the
technology also activated the participants’ preferred stimulation,
contingent on their pedaling behavior. An interruption of =1
second in pedaling led to the interruption of the stimulation.
During the first A phase, the participants’ pedaling accounted
for approximately 48% and 10% of the session time. During
the first intervention phase, pedaling showed anearly 2-fold or
9-fold increase, reaching approximately 90% of the session
time. The percentages decreased during the second baseline and
increased again above the 90% level during the second B phase.

Stasolla et a [32] carried out a study with 6 children aged 5.8
to 9.6 years who were characterized by severe to profound
intellectua disability linked to the Corneliade Lange syndrome.
The aim was to promote walker-aided ambulation in the
participants. Thetechnology system included (1) an optic sensor,
which served to detect the participants step responses
throughout the study, and (2) a control system that counted the
step responses and their execution time and regulated the
delivery of preferred stimulation events (eg, music, lights, and
voices) during the intervention phases of the study. During these
phases, the control system was set to activate one or more
stimulus devices for a period of 4 seconds every time the
participant completed 6 step responses within a 4-second
interval. In addition to a basic ABAB design, the study also
included control phasesin which the stimulation was available
during the sessions noncontingently; that is, independent of the
participants’ step responses. The sessions lasted 5 minutes.
During the first baseline phase, blocks of 6 step responses
occurring within  4-second intervals averaged between
approximately 3 and 6 per session. During thefirst intervention
phase, the mean frequency of the blocks increased to
approximately 24 to 30 per session. The frequency declined
during the second baseline phase and increased again during
the second intervention phase. During the intervention phases,
the participants also experienced a reduction in problem
behaviors and an increase in positive (eg, aertness and
happiness) behaviors. Moreover, the data improvements
observed during theintervention phaseswere largely lost during
the control phases, in which the stimulation wasfreely available
rather than contingent on blocks of steps performed within
4-second intervals.

Lancioni et a [75] worked with 7 participants aged 9 to 42 years
who presented with moderate or severeto profound intellectual
disability, motor impairments confining them to a wheelchair,
and blindness or minimal residual vision. The aim wasto help
the participants perform responses that were functional from a
physiotherapeutic standpoint and relevant in terms of physical
activity. Two responses, which included arm stretching to reach
and push a ball and leg-foot forward moving to push a box,
were selected for each participant. A multiple probe across
responses was the single-subject design used to conduct the
study for each participant. Accordingly, the intervention for
these responses occurred at successive times. The technology
involved a smartphone whose functioning was automated via
MacroDroid so that it could detect (via its proximity sensor)
the participants responses and present a variety of auditory
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stimuli (eg, music and familiar voices) contingent on those
responses during the intervention phases of the study. Each
stimulation event lasted 10 seconds, and the sessions lasted 5
minutes. The results indicated that baseline levels of zero or
near zero increased for both target responses during the
intervention, reaching mean fregquencies that ranged between
approximately 15 and 22. During the intervention sessions, the
participants al so showed anincreasein heart rate and in indices
of happiness.

StudiesBased on the Use of Video Games (Exer games)

Of the 42 studies, 15 (36%; including 353 participants; Table
2 and Multimedia Appendix 2) were conducted to promote
physical activity through the use of video games (eg, games
varying from dancing to sporting events and based on systems
such as Nintendo Wii and virtual reality) and the auditory and
visual stimulation involved in those  games
[26,33,34,36,47,79-88]. Video games are considered arel evant
tool that can provide adaptable, inclusive, and modifiable
physical activity optionsto peoplewho may be unableto access
sophisticated exercise equipment and may also have low
exercise motivation [46,89].

As shown in Table 2 and, more specifically, in Multimedia
Appendix 2, the studies carried out in this areavaried in terms
of the games used, the length of time those games were played,
and the type of responses (measures) they relied onto determine
the impact of the games. For example, Hsu [79] investigated
the capacity of Wii Fit balance games to improve the balance
abilities of students with mild intellectual disabilities. Three
groups of 8 participants were included in the study; that is, a
Wii Fit balance gametraining group, aphysical education group,
and asedentary activity group. The Wii Fit gametraining group
(experimental group) received two 40-minute Wii Fit balance
game sessions per week over a period of 8 weeks. The same
number of sessions and weekly schedules were available for
the other 2 (control) groups. The mean age of the different
groupsranged from 17.4 to 17.8 years. The dynamic and static
balance parameters of the experimental and control participants
and their speed strength index were dependent measures. Data
for the Wii Fit balance game training group showed significant
pre- to postintervention differences in the duration of standing
on 1 leg with the eyes closed, anteroposterior movement speed,
swing areaper unit time, and speed strength index. The physical
education group showed significant pre- to postintervention
differences in the speed strength index. The sedentary activity
group did not show any significant pre- to postintervention
difference.

McMahon et a [87] investigated the use of animmersivevirtual
reality game as a means to increase the duration and intensity
of pedaling on a stationary bicycle for 4 participants with
moderateintellectual disability, which in one case was combined
with autism spectrum disorder. The virtual reality exercise
gaming platform consisted of a Virzoom exercise hicycle and
an HTC VIVE virtua reality headset. In essence, the participants
could use the bicycle as a means to master various games. For
exampl e, thefaster the participants pedaled on their bicycle, the
faster race cars, helicopters, or other objects would move for
them. They could see all these objects moving through the
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headset they wore during the activity sessions. The study was
conducted according to a multiple probe design across
participants, which meant that the baseline was extended over
different periodsfor different participants. Sessionswere set to
last up to 30 minutes, but the participants could stop them at
any time. The participants increased their pedaling time from
approximately 3 to 6 minutes per session during baseline to
between approximately 17 and 29 minutes per session during
the intervention. During the intervention, the participants also
(1) showed large increases in heart rate and calories burning
and (2) were reported to enjoy the games available.

Lau et a [33] conducted a study involving an experimental
group of 121 participants and a control group of 73 participants.
The participants presented with mild intellectual disability and
were aged between 8 and 18 years. The technology consisted
of an Xbox 360 Kinect, and the participantsin the experimental
group were exposed to the intervention sessions in pairs. The
sessions lasted 30 minutes and were implemented twice per
week for 12 weeks. A variety of games were involved in each
session, and participants could choose among those available
(eg, boxing, volleyball, football, baseball, and skiing). Body
composition, physical activity level, and motor proficiency were
used as the outcome measures. The data showed significant
changesin BMI and body fat percentage within both groups of
participants during the posttest. The same trend was observed
for motor proficiency. However, the effect of the intervention
(after adjustment for the intervention group relative to the
control group) was not statistically significant for any of the
outcome measures.

Discussion

Principal Findings

This paper provides an overall picture of studies involving the
use of stimulation-regulating technologies to promote physical
activity in people with intellectual disabilities and multiple
disabilities. The results of the 2 groups of studies included in
thereview suggest that the technol ogies used for theintervention
programs were suitable for the participants involved and
generally effective in helping them increase their physical
activity or improve their physical condition. In light of the
reported results and technologies, several points may be
discussed. These points concern (1) the strength and
characteristics of the evidence available, (2) the foundation and
applicability of the intervention strategies, and (3) the
practicality of the intervention strategies and related
technologies. Future research directions to advance the present
knowledge in this area and some limitations of the paper may
also be examined.

Strengths and Char acteristics of the Evidence

Three considerations can be made with regard to this point.
First, the studies using preferred stimulation contingent on
participants’ responses relied on single-subject designs to
determine the impact of the intervention on the level of
responding (physical activity). The ABAB design (adesignin
which A-baseline conditions are aternated with B-intervention
conditions; Table 1 and Multimedia Appendix 1) was the most
frequently used. Multiple probe and multiple baseline across
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participants designs (designsin which the participants' baseline
phase includes different numbers of sessions or spreads over
different time periods) were also used. The studies using video
games mostly relied on group (randomized controlled) designs.
Comparisons were carried out between the pre- and
postintervention data of the experimental group, as well as
between the experimental group’s data and the data of 1 or 2
control groups. On the basis of the designs used, one could
argue that the evidence on the impact of the intervention
reported by the studies may be considered reliable.

Second, notwithstanding the overall methodological adequacy
of the studies, it may be difficult to compare and contrast the
results obtained by the 2 groups; that is, the group based on
response-contingent stimulation and the group based on video
games. In fact, the studies in the first group typically focused
on ng whether the intervention was effectivein increasing
the responses targeted with contingent stimulation, assuming
that this increase would in turn have beneficia effects on the
participants’ physical and health conditions. The studiesin the
second group (except for those by Enkelaar et a [47] and
McMahon et a [87]) did not assess the extent to which the
intervention increased the participants responses. Rather, they
concentrated on determining whether the intervention period
would bring about benefits to participants’ physical condition
(eg, balance, BMI, and muscle strength).

Third, comparisons of the results of the 2 groups of studies are
difficult also because of the differences in the length of the
intervention sessions and the characteristics of the participants.
The length of the sessions varied between 2 and 10 minutesin
the first group of studies and between 10 and 60 minutesin the
second group of studies (Multimedia Appendices 1 and 2). The
participants in the first group of studies often presented with
severe to profound intellectual disability, which could be
combined with severe and extensive motor impairments. The
participants in the second group of studies were generally
reported or presumed to be in the mild or moderate intellectual
disability range and did not present with specific motor
impairments.

Foundation and Applicability of the Intervention
Strategies

The intervention strategies used by the first group of studies
were designed to deliver preferred stimulation contingent on
participants’ specific activity responses, and this stimulation
was assumed to (1) motivate the participants to reproduce those
specific responses and thus (2) increase their activity level.
Within this type of framework, the efficacy of the stimulation
in promoting the acquisition and maintenance of responding is
linked to its contingency value and attractive (reinforcing) power
[90,91]. The more attractive the stimulation, the higher the
probability that the participant would be mativated to produce
the response for which the stimulation is available.

I ntervention strategies based on the use of video games are also
assumed to work through motivation and enjoyment. In essence,
the game-specific prompting and stimulating images and
auditory events are expected to facilitate the participants'’ initial
engagement. The additional game-related stimulation events or
stimul ation variations connected to the participants engagement
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are considered relevant or critical to strengthen and maintain
such engagement and thus bring about an increase in the
participants’ physical activity. In light of this reasoning, the
game-related stimulation seems to play a role similar to that
attributed to the contingent stimulation used in the first group
of studies. However, notwithstanding this reasoning no
assessment was reported by the second group of studies of the
participants’ stimulation preferences or of whether the
participants perceived the stimulation variations occurring in
relation to their game engagement as truly enjoyable.

With regard to the issue of applicability, the strategies based
on contingent stimulation for specific responses may be viewed
aslargely suitablefor peoplewith severe or profound intellectual
disabilities and extensive motor or sensory impairmentsaswell
asfor peoplewith mild to moderateintellectual disabilities. For
example, these strategies could be applied to help participants
with different levels or combinations of disabilities to perform
responses such as arm stretching and walker-supported
ambulation responses or use exercise devices (1) without the
need for external prompting (pressure) and (2) with apparent
enjoyment of their activity engagement [27,37,68,72,74,75].

The use of video games may not be suitable for participants
with severe to profound intellectual disabilities and extensive
motor impairment. These participants, in fact, may possessonly
a narrow range of responses, which is insufficient for playing
most games. Moreover, the same participants may be attracted
to (motivated by) only afew types of stimuli, and these stimuli
may not be included in a variety of games and should be
identified through careful stimulus preference screening before
the beginning of the intervention. Finally, participants with
severe to profound intellectual and multiple disabilities may
have serious difficultiesin finding strong motivation to respond
in agame situation in which much of the stimulation isavailable
noncontingently (independent of participants responding)
[37,73].

Practicality of thel ntervention Strategiesand Related
Technologies

Two considerations may be in order with regard to the
practicality issue. First, the use of intervention strategies aimed
at providing preferred stimulation contingent on specific
participants’ responses is typically based on a multistep plan
that involves (1) the identification of the responses that are
feasible for the participants to perform and suitable for
promoting relevant forms of physical activity, (2) the
identification of stimulation events that the participants prefer
(apparently enjoy), (3) the selection of sensors adequate to detect
the responses and trigger a control system, and (4) the
programming of the control system to deliver a brief segment
of preferred stimulation any time it is triggered (any time the
target responses occur). Working out this plan may berelatively
demanding in terms of staff time and skills aswell astechnical
devices. Despite its possible costs, such an approach may be
critically relevant, particularly when working with people with
severeto profound intellectual and multiple disabilities (seethe
Sudies Based on the Use of Response-Contingent Simulation
section and Multimedia Appendix 1).
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Second, the use of video games to promote physical activity
might be perceived as a relatively simple approach given the
availability of a wide range of games. However, in redity, it
may not necessarily prove easier to arrange or more practical
to manage than the use of strategies based on contingent
stimulation [36,47,92]. Moreover, the fact that a variety of
games are commercially available does not automatically imply
that they can be considered equally suitable for al participants
and that they can be implemented in any context in which the
participants live [33,47].

Future Research Directions

Future research should address several relevant issues. Firt,
studies could be conducted to clarify different aspects of
interventions using video games, such as (1) theimplementation
conditions (ie, the level and characteristics of staff support
required to get participants involved in the games), (2) the
measurement of the participants' activity level (eg, range and
frequency of responses they display during the games), and (3)
variability or consistency in the activity level during the
intervention period. Clarifying these aspects would help
determinethe procedural conditionsand time costsrequired for
the application of those games, as well as the immediate and
long-term functions of the games. Thisinformation could also
serveto estimate the practicality and applicability of game-based
interventions in daily contexts.

Second, studies comparing interventions based on the delivery
of preferred stimulation contingent on specific participants
responses with interventions based on video games might be
very important to enhance our knowledge in the area. These
studies may be instrumental to determine (1) the relative value
of the 2 intervention approaches with different groups of people
(particularly people in the moderate range of intellectual
disability) and (2) the relative cost of the approaches in terms
of technology and staff involvement.

Third, in addition to measuring the increasesin the participants
levels of physical activity and related health benefits, new
studies may al so be focused on assessing the participants' levels
of satisfaction (indices of happiness) during the intervention
sessions with the 2 types of approaches. Although some data
on thisissue are available[37,47,73,75], additional evidenceis
important to determine whether and how much these approaches
can help participants experience a positive emotional condition
during their activity engagement.

Fourth, social validation studieswould beimportant to determine
the opinion of staff, families, and service providers about the
usability and potential of the different approaches (thus adding
to early data in the area [32,73]). Social validation could be
carried out by (1) showing staff, families, and service providers
afew segments of the intervention sessions carried out with the
2 approaches and (2) asking them for their ratings of those
segments and the technology solutions used in terms of
perceived efficacy, friendliness, and overall applicability across
participants and contexts [32,93].

Fifth, encouraging different research groups from different
countries to be involved in new research initiatives in the area
could constitute ameaningful objectiveto increasethe generality
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and representativeness of the findings. This objective might be
particularly relevant for studies focusing on the use of
stimulation contingent on specific participants' responses, given
that the research thus far available was almost exclusively
concentrated in 2 countries (Italy and Taiwan).

Limitations

Thisreview paper has 3 limitations. First, one might argue that
a literature search restricted to articles written in English may
have prevented the detection and inclusion of relevant studies
published in other languages. Indeed, we have no knowledge
of whether or how many potentially relevant studies were
published in other languages and were not included in this
review. Second, the use of free-text terms (rather than specific
indexed terms) for the search of different databases might have
made the search process slightly less precise (less effective in
identifying all relevant articles in the area). Third, one might
consider the exclusion of studiesinvolving people with autism
spectrum disorder as another limitation of thisreview paper. In
fact, theinclusion of studiesinvolving the participation of people
with autism would have provided (1) a more comprehensive
picture of the use of stimulation-regulating technologies for
promoting physical activity and (2) awider amount of evidence
to determine the overall applicability and impact of those
technologies within services for people with special needs.
Notwithstanding the aforementioned limitations, this review
paper presents a picture of the technologies and their
applications and effects based on arelatively large number of
studies (ie, 42 studies). This may provide credibility for the
picture presented here. At the sametime, it may also be aprompt
for (1) extending the search to non-English articles and (2)
reviewing the studies that focused on people with autism
spectrum disorder and comparing their results with those
obtained from people with intellectual and multiple disabilities.

Conclusions

Peoplewith intellectual and multiple disabilities need toincrease
their level of physical activity, and intervention programs have
been devel oped to help them reach thisgoal . This paper provides
a picture of 2 groups of studies that relied on the use of
stimulation-regulating technologies to work toward that goal.
One group of studies sought to promote physical activity via
technology-regulated delivery of preferred stimulation,
contingent on specific participants' responses. Another group
of studies sought to promote physical activity through the use
of video games and the auditory and visual stimulation involved
in those games.

Both groups of studies reported encouraging results; however,
these results cannot be easily compared and contrasted. In fact,
the studies of thefirst group weretypically focused on ng
whether the intervention was effective in increasing the
responses targeted with contingent stimulation, whereas the
studies of the second group mainly focused on whether the
intervention would bring about benefits on the participants
physical condition.

Future research will need to address a number of issues,
including (1) the identification of the procedural conditions
required for theimplementation of video games; (2) comparisons
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between the 2 strategies in terms of impact, accessibility, validations of the 2 strategies.
practicality, and participants satisfaction; and (3) social

Conflictsof Interest
None declared.

Multimedia Appendix 1
Summary of the studies based on the use of response-contingent stimulation.
[DOCX File, 29 KB - rehab_v9i2e35217 appl.docx ]

Multimedia Appendix 2
Summary of the studies based on the use of video games (Exergames).
[DOCX File, 19 KB - rehab_v9i2e35217 app2.docx ]

References

1. Bartlo P, Klein PJ. Physica activity benefits and needs in adults with intellectual disabilities: systematic review of the
literature. Am JIntellect Dev Disabil 2011 May;116(3):220-232. [doi: 10.1352/1944-7558-116.3.220] [Medline: 21591845]

2. Dixon-lbarra A, Driver S, Vanderbom K, Humphries K. Understanding physical activity in the group home setting: a
qualitativeinquiry. Disabil Rehabil 2017 Apr 23;39(7):653-662. [doi: 10.3109/09638288.2016.1160294] [Medline: 27007887]

3.  Eijsvogels T, George KP, Thompson PD. Cardiovascular benefits and risks across the physical activity continuum. Curr
Opin Cardiol 2016 Sep;31(5):566-571. [doi: 10.1097/HCO.0000000000000321] [Medline: 27455432]

4, Koritsas S, lacono T. Weight, nutrition, food choice, and physical activity in adults with intellectual disability. J Intellect
Disabil Res 2016 Apr 29;60(4):355-364. [doi: 10.1111/jir.12254] [Medline: 26712472]

5. Queralt A, Vicente-Ortiz A, Molina-Garcia J. The physical activity patterns of adolescents with intellectual disabilities: a
descriptive study. Disabil Health J 2016 Apr;9(2):341-345. [doi: 10.1016/j.dhjo.2015.09.005] [Medline: 26564556]

6. Woodmansee C, Hahne A, Imms C, Shields N. Comparing participation in physical recreation activities between children
with disability and children with typical development: a secondary analysis of matched data. Res Dev Disabil 2016
Feb;49-50:268-276. [doi: 10.1016/j.ridd.2015.12.004] [Medline: 26741263]

7. Jo G, Rossow-Kimball B, LeeY. Effects of 12-week combined exercise program on self-efficacy, physical activity level,
and health related physical fitness of adultswith intellectual disability. J Exerc Rehabil 2018 Apr 26;14(2):175-182 [FREE
Full text] [doi: 10.12965/jer.1835194.597] [Medline: 29740549]

8. LinY, Chen C, Cho M. Effectiveness of leg movement in reducing leg swelling and discomfort in lower extremities. Appl
Ergon 2012 Nov;43(6):1033-1037. [doi: 10.1016/j.apergo.2012.03.002] [Medline: 22472344]

9.  SegizhasvaMO, Pogodin MA, Lavrova N, Balykin MV, Aleksandrova NP. [Effect of head-down tilt on respiratory
responses and human inspiratory muscles activity]. Fiziol Cheloveka 2011;37(2):52-59. [Medline: 21542318]

10. Shih C, Shih C, Luo C. Assisting people with disabilitiesin actively performing physical activities by controlling the
preferred environmental stimulation with agyration air mouse. Res Dev Disabil 2013 Dec;34(12):4328-4333. [doi:
10.1016/j.ridd.2013.09.001] [Medline; 24139710]

11. Taylor MJ, Taylor D, GamboaP, Vlaev |, Darzi A. Using motion-sensor games to encourage physical activity for adults
with intellectual disability. Stud Health Technol Inform 2016;220:417-423. [Medline: 27046616]

12. Lancioni GE, Singh NN, O'Reilly MF, Sigafoos J, Alberti G, OlivaD, et a. Three non-ambulatory adults with multiple
disahilities exercise foot-leg movements through microswitch-aided programs. Res Dev Disabil 2013 Sep;34(9):2838-2844.
[doi: 10.1016/j.ridd.2013.05.045] [Medline: 23796459]

13. LeeBK, Agarwal S, KimHJ. Influencesof travel constraints on the peoplewith disabilities’ intention to travel: an application
of Seligman’s hel plessness theory. Tourism Manag 2012 Jun;33(3):569-579. [doi: 10.1016/j.tourman.2011.06.011]

14. Wehmeyer M, Abery BH. Self-determination and choice. Intellect Dev Disabil 2013 Oct;51(5):399-411. [doi:
10.1352/1934-9556-51.5.399] [Medline: 24303826]

15. Wehmeyer ML, Bolding N. Enhanced self-determination of adults with intellectual disability as an outcome of moving to
community-based work or living environments. J Intellect Disabil Res 2001 Oct;45(Pt 5):371-383. [doi:
10.1046/j.1365-2788.2001.00342.x] [Medline: 11679043]

16. BouzasS, Martinez-LemosRI, Ayan C. Effects of exercise on the physical fitnesslevel of adultswith intellectual disability:
asystematic review. Disabil Rehabil 2019 Dec 09;41(26):3118-3140. [doi: 10.1080/09638288.2018.1491646] [Medline:
30301367]

17. Pitchford E, Dixon-Ibarra A, Hauck JL. Physical activity research in intellectual disability: a scoping review using the
behavioral epidemiological framework. Am JIntellect Dev Disabil 2018 Mar;123(2):140-163. [doi:
10.1352/1944-7558-123.2.140] [Medline: 29480777]

https://rehab.jmir.org/2022/2/€35217 JMIR Rehabil Assist Technol 2022 | vol. 9 |iss. 2 |€35217 | p.61
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=rehab_v9i2e35217_app1.docx&filename=388e0d85d206618387a5d307b84ea7b1.docx
https://jmir.org/api/download?alt_name=rehab_v9i2e35217_app1.docx&filename=388e0d85d206618387a5d307b84ea7b1.docx
https://jmir.org/api/download?alt_name=rehab_v9i2e35217_app2.docx&filename=8d5c21fd11a989c43106f813d2b7c4a4.docx
https://jmir.org/api/download?alt_name=rehab_v9i2e35217_app2.docx&filename=8d5c21fd11a989c43106f813d2b7c4a4.docx
http://dx.doi.org/10.1352/1944-7558-116.3.220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21591845&dopt=Abstract
http://dx.doi.org/10.3109/09638288.2016.1160294
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27007887&dopt=Abstract
http://dx.doi.org/10.1097/HCO.0000000000000321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27455432&dopt=Abstract
http://dx.doi.org/10.1111/jir.12254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26712472&dopt=Abstract
http://dx.doi.org/10.1016/j.dhjo.2015.09.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26564556&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2015.12.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26741263&dopt=Abstract
https://www.e-jer.org/journal/view.php?year=2018&vol=14&page=175
https://www.e-jer.org/journal/view.php?year=2018&vol=14&page=175
http://dx.doi.org/10.12965/jer.1835194.597
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29740549&dopt=Abstract
http://dx.doi.org/10.1016/j.apergo.2012.03.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22472344&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21542318&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2013.09.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24139710&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27046616&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2013.05.045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23796459&dopt=Abstract
http://dx.doi.org/10.1016/j.tourman.2011.06.011
http://dx.doi.org/10.1352/1934-9556-51.5.399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24303826&dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2788.2001.00342.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11679043&dopt=Abstract
http://dx.doi.org/10.1080/09638288.2018.1491646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30301367&dopt=Abstract
http://dx.doi.org/10.1352/1944-7558-123.2.140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29480777&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Lancioni et al

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

Bassette L, Titus-Dieringer S, Zoder-Martell K, Cremeans M. The use of video-based instruction to promote independent
performance of physical activity skillsin students with developmental disabilitiesin a school and community setting.
Psychol Schs 2020 Jun 22;57(9):1439-1456. [doi: 10.1002/pits.22414]

Kokkoni E, Mavroudi E, Zehfroosh A, Galloway JC, Vidal R, Heinz J, et al. GEARiIng smart environments for pediatric
motor rehabilitation. J Neuroeng Rehabil 2020 Feb 10;17(1):16 [FREE Full text] [doi: 10.1186/s12984-020-0647-0]
[Medline: 32041623]

Obrusnikoval, Cavalier AR, Novak HM, Blair AE. The effect of systematic prompting on the acquisition of two
muscle-strengthening exercises by adults with moderate disabilities. JBehav Educ 2020 Sep 14;29(3):584-605 [FREE Full
text] [doi: 10.1007/s10864-019-09328-7] [Medline: 33737797]

Pinter E, Johnson JW, Boden T. Using video modeling to facilitate students’ independent use of acommunity fitness center.
Educ Treat Child 2021 May 14;44(2):87-100. [doi: 10.1007/s43494-021-00040-8]

Ptomey L, WillisEA, Greene JL, Danon JC, Chumley TK, Washburn RA, et a. The feasibility of group video conferencing
for promotion of physical activity in adolescentswith intellectual and devel opmental disabilities. Am Jintellect Dev Disabil
2017 Nov;122(6):525-538. [doi: 10.1352/1944-7558-122.6.525] [Medline: 29115872]

Ptomey L, Washburn R, Lee J, Greene J, Szabo-Reed A, Sherman J, et a. Individual and family-based approaches to
increase physical activity in adolescentswith intellectual and developmental disabilities: rationale and design for an 18 month
randomized trial. Contemp Clin Trials 2019 Sep;84:105817 [FREE Full text] [doi: 10.1016/j.cct.2019.105817] [Medline:
31344519]

Cai SX, Kornspan AS. The use of exergaming with developmentally disabled students. Strategies 2012 Jan;25(3):15-18.
[doi: 10.1080/08924562.2012.10592146]

Chung AM, Harvey LA, Hassett LM. Do people with intellectual disability use Nintendo Wii when placed in their home
as part of a physiotherapy program? An observational study. Disabil Rehabil Assist Technol 2016 Jul 23;11(4):310-315.
[doi: 10.3109/17483107.2014.938705] [Medline: 25052846]

Using technology for physical activity: a pilot study on heart rate response and game preferences. The Free Library. URL:
https.//www.thefreelibrary.com/Using+Technol ogy+for+Physical +A ctivity%3A+A +Pil ot+Study+on+Heart+Rate.
..-a0530476251 [accessed 2022-03-31]

Lancioni GE, Singh NN, O'Reilly MF, Sigafoos J, Alberti G, Perilli V, et al. Promoting physical activity in people with
intellectual and multiple disabilitiesthrough a basi ¢ technol ogy-ai ded program. JIntellect Disabil 2018 Jun 21;22(2):113-124.
[doi: 10.1177/1744629516684986] [Medline: 29804524]

Lancioni GE, Singh NN, O’ Reilly MF, Sigafoos J, Campodonico F, OlivaD, et a. Using microswitch-aided programs for
people with multiple disabilities to promote stimulation control and mild physical exercise. J Intellect Develop Disability
2016 Nov 07;43(2):242-250. [doi: 10.3109/13668250.2016.1253831]

Hocking DR, Farhat H, Gavrila R, Caeyenberghs K, Shields N. Do active video games improve motor function in people
with developmental disabilities? A meta-analysis of randomized controlled trials. Arch Phys Med Rehabil 2019
Apr;100(4):769-781. [doi: 10.1016/j.apmr.2018.10.021] [Medline: 30508504]

Mentiplay BF, FitzGerald TL, Clark RA, Bower KJ, Denehy L, Spittle AJ. Do video game interventions improve motor
outcomesin children with developmental coordination disorder? A systematic review using the |CF framework. BMC
Pediatr 2019 Jan 16;19(1):22 [FREE Full text] [doi: 10.1186/s12887-018-1381-7] [Medline: 30651097]

Mura G, CartaMG, Sancassiani F, Machado S, Prosperini L. Active exergames to improve cognitive functioning in
neurological disabilities: a systematic review and meta-analysis. Eur J Phys Rehabil Med 2018 Jun;54(3):450-462 [FREE
Full text] [doi: 10.23736/S1973-9087.17.04680-9] [Medline: 29072042]

StasollaF, Caffo AO, Perilli V, Albano V. Supporting locomotion fluency of six children with Corneliade Lange syndrome:
awareness of microswitch responding and social validation. Techgnol Disabil 2019 Apr 02;30(4):209-220. [doi:
10.3233/tad-180216]

Lau PW, Wang G, Wang J. Effectiveness of active video game usage on body composition, physical activity level and
motor proficiency in children with intellectual disability. JAppl Res Intellect Disabil 2020 Nov 02;33(6):1465-1477. [doi:
10.1111/jar.12774] [Medline: 32881305]

Ryuh Y J, Chen C, Pan Z, Gadke DL, Elmore-Staton L, Pan C, et a. Promoting physical activity through exergaming in
young adults with intellectual disabilities: a pilot study. Int J Dev Disabil 2022 Apr 26;68(2):227-233 [EREE Full text]
[doi: 10.1080/20473869.2019.1605771] [Medline: 35309694]

Shih C, Chung C, Shih C, Chen L. Enabling people with developmental disabilities to actively follow simple instructions
and perform designated physical activities according to simpleinstructionswith Nintendo Wii Balance Boards by controlling
environmental stimulation. Res Dev Disabil 2011 Nov;32(6):2780-2784. [doi: 10.1016/j.ridd.2011.05.031] [Medline:
21708448]

SilvaV, Campos C, S4 A, Cavadas M, Pinto J, Simdes P, et al. Wii-based exercise program to improve physical fitness,
motor proficiency and functional mobility in adultswith Down syndrome. JIntellect Disabil Res 2017 Aug 06;61(8):755-765.
[doi: 10.1111/jir.12384] [Medline: 28585394]

https://rehab.jmir.org/2022/2/€35217 JMIR Rehabil Assist Technol 2022 | vol. 9 |iss. 2 |€35217 | p.62

(page number not for citation purposes)


http://dx.doi.org/10.1002/pits.22414
https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-020-0647-0
http://dx.doi.org/10.1186/s12984-020-0647-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32041623&dopt=Abstract
http://europepmc.org/abstract/MED/33737797
http://europepmc.org/abstract/MED/33737797
http://dx.doi.org/10.1007/s10864-019-09328-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33737797&dopt=Abstract
http://dx.doi.org/10.1007/s43494-021-00040-8
http://dx.doi.org/10.1352/1944-7558-122.6.525
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29115872&dopt=Abstract
http://europepmc.org/abstract/MED/31344519
http://dx.doi.org/10.1016/j.cct.2019.105817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31344519&dopt=Abstract
http://dx.doi.org/10.1080/08924562.2012.10592146
http://dx.doi.org/10.3109/17483107.2014.938705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25052846&dopt=Abstract
https://www.thefreelibrary.com/Using+Technology+for+Physical+Activity%3A+A+Pilot+Study+on+Heart+Rate...-a0530476251
https://www.thefreelibrary.com/Using+Technology+for+Physical+Activity%3A+A+Pilot+Study+on+Heart+Rate...-a0530476251
http://dx.doi.org/10.1177/1744629516684986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29804524&dopt=Abstract
http://dx.doi.org/10.3109/13668250.2016.1253831
http://dx.doi.org/10.1016/j.apmr.2018.10.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30508504&dopt=Abstract
https://bmcpediatr.biomedcentral.com/articles/10.1186/s12887-018-1381-7
http://dx.doi.org/10.1186/s12887-018-1381-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30651097&dopt=Abstract
https://www.minervamedica.it/index2.t?show=R33Y2018N03A0450
https://www.minervamedica.it/index2.t?show=R33Y2018N03A0450
http://dx.doi.org/10.23736/S1973-9087.17.04680-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29072042&dopt=Abstract
http://dx.doi.org/10.3233/tad-180216
http://dx.doi.org/10.1111/jar.12774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32881305&dopt=Abstract
http://europepmc.org/abstract/MED/35309694
http://dx.doi.org/10.1080/20473869.2019.1605771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35309694&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2011.05.031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21708448&dopt=Abstract
http://dx.doi.org/10.1111/jir.12384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28585394&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Lancioni et al

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49,

50.

51.

52.

53.

55.

56.

StasollaF, Caffo AO, Perilli V, Boccasini A, StellaA, Damiani R, et a. A microswitch-based program for promoting initial
ambul ation responses: an eval uation with two girlswith multiple disabilities. JAppl Behav Anal 2017 Apr 27;50(2):345-356.
[doi: 10.1002/jaba.374] [Medline: 28128442]

Bossink L, van der Putten AA, Vlaskamp C. Understanding low levels of physical activity in people with intellectual
disabilities: a systematic review to identify barriers and facilitators. Res Dev Disabil 2017 Sep;68:95-110. [doi:
10.1016/j.ridd.2017.06.008] [Medline; 28750208]

Michalsen H, Wangberg SC, Anke A, Hartvigsen G, Jaccheri L, Arntzen C. Family members and health care workers
perspectives on motivational factors of participation in physical activity for people with intellectual disability: aqualitative
study. J Intellect Disabil Res 2020 Apr 24;64(4):259-270. [doi: 10.1111/jir.12716] [Medline: 31981261]

McMahon A, McMahon DD. Exercise technology interventions and individuals with IDD. Division Autism Develop
Disabilities Online J 2016;3:42-53.

Embregts PJ, van Oorsouw WM, Wintels SC, van Delden RW, Evers V, Reidsma D. Comparing a playful interactive
product to watching tel evision: an exploratory study for peoplewith profound intellectual and multiple disabilities. JIntellect
Develop Disability 2019 Mar 21;45(1):78-88. [doi: 10.3109/13668250.2018.1537846]

Hill EE, Zack E, Battaglini C, ViruM, Viru A, Hackney AC. Exercise and circulating Cortisol levels: theintensity threshold
effect. JEndocrinol Invest 2014 Mar 22;31(7):587-591. [doi: 10.1007/bf03345606]

Hill K, Gardiner PA, Cavalheri V, Jenkins SC, Healy GN. Physical activity and sedentary behaviour: applying lessonsto
chronic obstructive pulmonary disease. Intern Med J 2015 May 08;45(5):474-482. [doi: 10.1111/imj.12570] [Medline:
25164319]

Hillier A, Murphy D, FerraraC. A pilot study: short-term reductionin salivary cortisol following low level physical exercise
and relaxation among adol escents and young adults on the autism spectrum. Stress Health 2011 Feb 17;27(5):395-402.
[doi: 10.1002/smi.1391]

Russell VA, Zigmond MJ, Dimatelis JJ, Daniels WM, Mabandla MV. The interaction between stress and exercise, and its
impact on brain function. Metab Brain Dis 2014 Jun 8;29(2):255-260. [doi: 10.1007/s11011-013-9479-y] [Medline:
24399497]

Suérez-lglesias D, Martinez-de-Quel O, Marin Moldes JR, Ayan Pérez C. Effects of videogaming on the physical, mental
health, and cognitive function of people with intellectual disability: a systematic review of randomized controlled trials.
Games Health J 2021 Oct;10(5):295-313. [doi: 10.1089/g4h.2020.0138] [Medline: 34449267]

Enkelaar L, Oosterom-Calo R, Zhou D, Nijhof N, BarakovaE, Sterkenburg P. The LEDs move pilot study: the Light Curtain
and physical activity and well-being among people with visual and intellectual disabilities. JIntellect Disabil Res 2021
Nov 20;65(11):971-988. [doi: 10.1111/jir.12882] [Medline: 34542212]

Prosperini L, Tomassini V, Castelli L, Tacchino A, Brichetto G, Cattaneo D, et al. Exergames for balance dysfunctionin
neurological disability: a meta-analysis with meta-regression. J Neurol 2021 Sep 23;268(9):3223-3237. [doi:
10.1007/s00415-020-09918-w] [Medline: 32447551]

Stephenson J, Limbrick L. A review of the use of touch-screen mobile devices by people with developmental disabilities.
JAutism Dev Disord 2015 Dec 26;45(12):3777-3791. [doi: 10.1007/s10803-013-1878-8] [Medline: 23888356]

Tricco AC, Lillie E, Zarin W, O'Brien KK, Colquhoun H, Levac D, et al. PRISMA extension for scoping reviews
(PRISMA-ScR): checklist and explanation. Ann Intern Med 2018 Oct 02;169(7):467-473 [EREE Full text] [doi:
10.7326/M18-0850] [Medline: 30178033]

Munn Z, Peters MD, Stern C, Tufanaru C, McArthur A, Aromataris E. Systematic review or scoping review? Guidance
for authors when choosing between a systematic or scoping review approach. BMC Med Res Methodol 2018 Nov
19;18(1):143 [FREE Full text] [doi: 10.1186/s12874-018-0611-x] [Medline: 30453902]

Dickinson K, Place M. A randomised control trial of the impact of a computer-based activity programme upon the fithess
of children with autism. Autism Res Treat 2014;2014:419653-419659 [FREE Full text] [doi: 10.1155/2014/419653]
[Medline: 25400946]

Rafiel Milgjerdi H, Sheikh M, Najafabadi MG, Saghaei B, Naghdi N, Dewey D. The effects of physical activity and
exergaming on motor skills and executive functions in children with autism spectrum disorder. Games Health J 2021 Mar
01;10(1):33-42. [doi: 10.1089/g4h.2019.0180] [Medline: 33370161]

Savage MN, Taber-Doughty T, Brodhead M T, Bouck EC. Increasing physical activity for adults with autism spectrum
disorder: comparing in-person and technology delivered praise. Res Dev Disabil 2018 Mar;73:115-125. [doi:
10.1016/j.ridd.2017.12.019] [Medline; 29289793]

Lancioni GE, Singh NN, O'Reilly MF, SigafoosJ, OlivaD, Campodonico F, et al. Personswith multiple disabilities exercise
a complex response scheme to counter incorrect head and shoulder positions via a microswitch-aided program. J Intellect
Develop Disability 2014 Aug 08;39(4):363-369. [doi: 10.3109/13668250.2014.946480]

Lancioni GE, Singh NN, O'Reilly MF, Sigafoos J, Perilli VV, Campodonico F, et al. Personswith multiple disabilities engage
in stimulus choice and postural control with the support of atechnology-aided program. Behav Modif 2015 May
01;39(3):454-471. [doi: 10.1177/0145445515572187] [Medline: 25733662]

https://rehab.jmir.org/2022/2/€35217 JMIR Rehabil Assist Technol 2022 | vol. 9 |iss. 2 |€35217 | p.63

(page number not for citation purposes)


http://dx.doi.org/10.1002/jaba.374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28128442&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2017.06.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28750208&dopt=Abstract
http://dx.doi.org/10.1111/jir.12716
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31981261&dopt=Abstract
http://dx.doi.org/10.3109/13668250.2018.1537846
http://dx.doi.org/10.1007/bf03345606
http://dx.doi.org/10.1111/imj.12570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25164319&dopt=Abstract
http://dx.doi.org/10.1002/smi.1391
http://dx.doi.org/10.1007/s11011-013-9479-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24399497&dopt=Abstract
http://dx.doi.org/10.1089/g4h.2020.0138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34449267&dopt=Abstract
http://dx.doi.org/10.1111/jir.12882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34542212&dopt=Abstract
http://dx.doi.org/10.1007/s00415-020-09918-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32447551&dopt=Abstract
http://dx.doi.org/10.1007/s10803-013-1878-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23888356&dopt=Abstract
https://www.acpjournals.org/doi/abs/10.7326/M18-0850?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.7326/M18-0850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30178033&dopt=Abstract
https://bmcmedresmethodol.biomedcentral.com/articles/10.1186/s12874-018-0611-x
http://dx.doi.org/10.1186/s12874-018-0611-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30453902&dopt=Abstract
https://doi.org/10.1155/2014/419653
http://dx.doi.org/10.1155/2014/419653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25400946&dopt=Abstract
http://dx.doi.org/10.1089/g4h.2019.0180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33370161&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2017.12.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29289793&dopt=Abstract
http://dx.doi.org/10.3109/13668250.2014.946480
http://dx.doi.org/10.1177/0145445515572187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25733662&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Lancioni et al

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Perilli V, StasollaF, Caffo AO, Albano V, D’ Amico F. Microswitch-cluster technology for promoting occupation and
reducing hand biting of six adolescents with fragile X syndrome: new evidence and social rating. J Dev Phys Disabil 2018
Oct 3;31(1):115-133. [doi: 10.1007/s10882-018-9634-9]

Lancioni GE, Singh NN, O'Reilly MF, Sigafoos J, Alberti G, Campodonico F, et a. A technol ogy-aided program to support
basic occupational engagement and mobility in persons with multiple disabilities. Front Public Health 2017 Dec 11;5:338
[FREE Full text] [doi: 10.3389/fpubh.2017.00338] [Medline: 29322040]

Lancioni GE, Singh NN, O'Reilly MF, Sigafoos J, OlivaD, Smaldone A, et al. Promoting ambulation responses among
children with multiple disabilities through walkers and microswitches with contingent stimuli. Res Dev Disabil 2010
May;31(3):811-816. [doi: 10.1016/j.ridd.2010.02.006] [Medline: 20207105]

Shih C, Chang M, Shih C. A limb action detector enabling people with multiple disabilities to control environmental
stimulation through limb action with aNintendo Wii Remote Controller. Res Dev Disabil 2010 Sep;31(5):1047-1053. [doi:
10.1016/j.ridd.2010.04.006] [Medline; 20472393]

Shih C, Shih C, Chiang M. A new standing posture detector to enable people with multiple disabilities to control
environmental stimulation by changing their standing posture through a commercial Wii Balance Board. Res Dev Disabil
2010 Jan;31(1):281-286. [doi: 10.1016/j.ridd.2009.09.013] [Medline: 19850444]

Shih C. A standing location detector enabling people with developmental disabilities to control environmental stimulation
through simple physical activities with Nintendo Wii Balance Boards. Res Dev Disabil 2011 Mar;32(2):699-704. [doi:
10.1016/j.ridd.2010.11.011] [Medline; 21159488]

Tam GM, Phillips KJ, Mudford OC. Teaching individuals with profound multiple disabilities to access preferred stimuli
with multiple microswitches. Res Dev Disabil 2011 Nov;32(6):2352-2361. [doi: 10.1016/j.ridd.2011.07.027] [Medline:
21824746]

Shih C, Chen L, Shih C. Assisting people with disabilitiesto actively improve their collaborative physical activities with
Nintendo Wii Balance Boards by controlling environmental stimulation. Res Dev Disabil 2012 Jan;33(1):39-44. [doi:
10.1016/j.ridd.2011.08.006] [Medline; 22093646]

Lancioni GE, Singh NN, O'Reilly MF, Sigafoos J, Oliva D, Campodonico F, et al. Walker devices and microswitch
technology to enhance assisted indoor ambulation by persons with multiple disabilities: three single-case studies. Res Dev
Disabil 2013 Jul;34(7):2191-2199. [doi: 10.1016/j.ridd.2013.03.025] [Medline: 23643772]

StasollaF, Caffo AO. Promoting adaptive behaviors by two girlswith Rett syndrome through amicroswitch-based program.
Res Autism Spectrum Disorders 2013 Oct; 7(10):1265-1272. [doi: 10.1016/j.rasd.2013.07.010]

Chang M, Shih C, Lin Y. Encouraging obese students with intellectual disabilitiesto engage in pedaling an exercise bike
by using an air mouse combined with preferred environmental stimulation. Res Dev Disabil 2014 Dec;35(12):3292-3298.
[doi: 10.1016/j.ridd.2014.08.020] [Medline: 25181361]

Shih C, Chiu Y. Assisting obese students with intellectual disabilitiesto actively perform the activity of walking in place
using adance pad to control their preferred environmental stimulation. Res Dev Disabil 2014 Oct;35(10):2394-2402. [doi:
10.1016/}.ridd.2014.06.011] [Medline; 24973547]

LinC, Chang Y. Interactive augmented reality using Scratch 2.0 to improve physical activitiesfor children with developmental
disabilities. Res Dev Disabil 2015 Mar;37:1-8. [doi: 10.1016/j.ridd.2014.10.016] [Medline: 25460214]

Chang C, Chang M, Shih C. Encouraging overweight students with intellectual disability to actively perform walking
activity using an air mouse combined with preferred stimulation. Res Dev Disabil 2016 Aug;55:37-43. [doi:
10.1016/j.ridd.2016.03.011] [Medline; 27037988]

Lancioni GE, Singh NN, O'Reilly MF, Sigafoos J, Alberti G, Campodonico F. Case studies of technology-aided interventions
to promote hand reaching and standing or basic ambulation in persons with multiple disabilities. Percept Mot Skills 2016
Mar 01;122(1):200-219. [doi: 10.1177/0031512516630017] [Medline: 27420316]

Lancioni GE, Singh NN, O'Reilly MF, Sigafoos J, Alberti G, Perilli V, et a. Promoting functional activity engagement in
people with multiple disabilities through the use of microswitch-aided programs. Front Public Health 2017 Aug 10;5:205
[FREE Full text] [doi: 10.3389/fpubh.2017.00205] [Medline: 28848730]

StasollaF, Caffo AO, Perilli V, Boccasini A, Damiani R, D’ Amico F. Fostering locomotion fluency of five adolescents
with rett syndrome through a microswitch-based program: contingency awareness and social rating. J Dev Phys Disabil
2017 Dec 5;30(2):239-258. [doi: 10.1007/s10882-017-9582-9]

Lancioni GE, O’'Rellly MF, Sigafoos J, Alberti G, Campodonico F, Chiariello V. Promoting occupational engagement and
personal satisfaction in people with neurodevelopmental disorders via a smartphone-based intervention. Adv Neurodev
Disord 2019 Feb 13;3(3):259-266. [doi: 10.1007/s41252-019-00102-4]

Lancioni GE, Singh NN, O’ Reilly MF, Sigafoos J, Alberti G, Campodonico F, et al. Non-ambulatory peoplewith intellectual
disabilities practice functional arm, leg or head responses via a smartphone-based program. J Dev Phys Disabil 2018 Oct
8;31(2):251-265. [doi: 10.1007/s10882-018-9636-7]

Lancioni G, Singh NN, O’ Reilly MF, Sigafoos J, Grillo G, Campodonico F, et al. A smartphone-based intervention to
enhance functional occupation and mood in people with neurodevelopmental disorders: aresearch extension. Life Span
Disahility 2020;23(1):21-42 [FREE Full text]

https://rehab.jmir.org/2022/2/€35217 JMIR Rehabil Assist Technol 2022 | vol. 9 |iss. 2 |€35217 | p.64

(page number not for citation purposes)


http://dx.doi.org/10.1007/s10882-018-9634-9
https://doi.org/10.3389/fpubh.2017.00338
http://dx.doi.org/10.3389/fpubh.2017.00338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29322040&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2010.02.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20207105&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2010.04.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20472393&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2009.09.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19850444&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2010.11.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21159488&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2011.07.027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21824746&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2011.08.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22093646&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2013.03.025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23643772&dopt=Abstract
http://dx.doi.org/10.1016/j.rasd.2013.07.010
http://dx.doi.org/10.1016/j.ridd.2014.08.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25181361&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2014.06.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24973547&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2014.10.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25460214&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2016.03.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27037988&dopt=Abstract
http://dx.doi.org/10.1177/0031512516630017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27420316&dopt=Abstract
https://doi.org/10.3389/fpubh.2017.00205
http://dx.doi.org/10.3389/fpubh.2017.00205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28848730&dopt=Abstract
http://dx.doi.org/10.1007/s10882-017-9582-9
http://dx.doi.org/10.1007/s41252-019-00102-4
http://dx.doi.org/10.1007/s10882-018-9636-7
https://moh-it.pure.elsevier.com/en/publications/a-smartphone-based-intervention-to-enhance-functional-occupation-
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Lancioni et al

77.

78.

79.

80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

91.
92.

93.

Shih C, Lai M, Chang M, Chang C. Encouraging overweight studentswith intellectual disability to engagein walking/running
by using a dance pad combined with aLEGO® Train. Int J Disability Develop Educ 2020 Nov 01:1-10. [doi:
10.1080/1034912x.2020.1837351]

Lancioni GE, Singh NN, O’ Reilly MF, Sigafoos J, Alberti G, Chiariello V, et a. Use of everyday technology to promote
ambulation in people with intellectual and multiple disabilities. Technol Disabil 2021 Aug 17;33(3):229-236. [doi:
10.3233/tad-210336]

Hsu T. Effects of Wii Fit(®) balance game training on the balance ability of students with intellectual disabilities. J Phys
Ther Sci 2016 May;28(5):1422-1426 [FREE Full text] [doi: 10.1589/jpts.28.1422] [Medline: 27313343]

Lotan M, Yalon-Chamovitz S, Weiss PL. Virtual reality as meansto improve physical fitness of individuals at a severe
level of intellectual and developmental disability. Res Dev Disabil 2010 Jul;31(4):869-874. [doi: 10.1016/j.ridd.2010.01.010]
[Medline: 20346616]

Samia A, Rahman A. Efficacy of virtual reality-based therapy on balance in children with Down syndrome. World Appl
Sci J 2010 Jan;10:254-261.

Wuang Y, Chiang C, Su C, Wang C. Effectiveness of virtual reality using Wii gaming technology in children with Down
syndrome. Res Dev Disabil 2011 Jan;32(1):312-321. [doi: 10.1016/j.ridd.2010.10.002] [Medline: 21071171]

Berg P, Becker T, Martian A, Primrose KD, Wingen J. Motor control outcomes following Nintendo Wii use by a child
with Down syndrome. Pediatr Phys Ther 2012;24(1):78-84. [doi: 10.1097/PEP.0b013e31823e05¢e6] [Medline: 22207475]
Lin H, Wuang Y. Strength and agility training in adolescents with Down syndrome: arandomized controlled trial. Res Dev
Disahil 2012 Nov;33(6):2236-2244. [doi: 10.1016/j.ridd.2012.06.017] [Medline: 22820064]

Salem Y, Gropack SJ, Coffin D, Godwin EM. Effectiveness of alow-cost virtual reality system for children with
developmental delay: a preliminary randomised single-blind controlled trial. Physiotherapy 2012 Oct;98(3):189-195. [doi:
10.1016/j.physi0.2012.06.003] [Medline; 22898574]

Gomez Alvarez N, Venegas Mortecinos A, Zapata Rodriguez V, Lopez FontanillaM, Maudier Vasquez M, Pavez-Adasme
G, et a. Effect of an intervention based on virtual reality on motor development and postural control in children with Down
Syndrome. Rev Chil Pediatr 2018 Dec;89(6):747-752 [FREE Full text] [doi: 10.4067/S0370-41062018005001202] [Medline:
30725064]

McMahon DD, Barrio B, McMahon AK, Tutt K, Firestone J. Virtual reality exercise games for high school students with
intellectual and developmental disabilities. J Spec Educ Technol 2019 Apr 11;35(2):87-96. [doi: 10.1177/0162643419836416)]
Perrot A, Maillot P, Le Foulon A, Rebillat AS. Effect of exergaming on physical fithess, functional mobility, and cognitive
functioning in adults with down syndrome. Am J Intellect Dev Disabil 2021 Jan 01;126(1):34-44. [doi:
10.1352/1944-7558-126.1.34] [Medline: 33370786]

PrenaK, Sherry JL. Parental perspectives on video game genre preferences and motivations of children with Down syndrome.
J Enabling Technol 2018 Mar 19;12(1):1-9. [doi: 10.1108/jet-08-2017-0034]

Catania AC. Learning (5th edition). New York: Sloan Publishing; 2013.

Kazdin A. Behavior Modification in Applied Settings. Long Grove, IL: Waveland Press; 2012.

Vonstad EK, Su X, Vereijken B, Bach K, Nilsen JH. Comparison of a deep |earning-based pose estimation system to
marker-based and kinect systems in exergaming for balance training. Sensors (Basel) 2020 Dec 04;20(23):6940 [FREE
Full text] [doi: 10.3390/s20236940] [Medline: 33291687]

Worthen D, Luiselli K. Comparative effects and social validation of support strategies to promote mindful ness practices
among high school students. Child Family Behav Ther 2019 Sep 19;41(4):221-236. [doi: 10.1080/07317107.2019.1659544]

Abbreviations

PRISMA-ScR: Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping
Reviews

Edited by T Leung; submitted 25.11.21; peer-reviewed by F Sasolla, SBurns;, commentsto author 30.12.21; revised version received
04.01.22; accepted 21.03.22; published 07.04.22.

Please cite as:

Lancioni GE, Sngh NN, O’ Reilly M, Sgafoos J, Alberti G, Desideri L

Programs Using Simulation-Regulating Technol ogiesto Promote Physical Activity in People With Intellectual and Multiple Disabilities:
Scoping Review

JMIR Rehabil Assist Technol 2022;9(2):e35217

URL: https://rehab.jmir.org/2022/2/e35217

doi:10.2196/35217

PMID: 35389365

https://rehab.jmir.org/2022/2/€35217 JMIR Rehabil Assist Technol 2022 | vol. 9 | iss. 2 |€35217 | p.65

(page number not for citation purposes)


http://dx.doi.org/10.1080/1034912x.2020.1837351
http://dx.doi.org/10.3233/tad-210336
http://europepmc.org/abstract/MED/27313343
http://dx.doi.org/10.1589/jpts.28.1422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27313343&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2010.01.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346616&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2010.10.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21071171&dopt=Abstract
http://dx.doi.org/10.1097/PEP.0b013e31823e05e6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22207475&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2012.06.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22820064&dopt=Abstract
http://dx.doi.org/10.1016/j.physio.2012.06.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22898574&dopt=Abstract
http://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0370-41062018005001202&lng=en&nrm=iso&tlng=en
http://dx.doi.org/10.4067/S0370-41062018005001202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30725064&dopt=Abstract
http://dx.doi.org/10.1177/0162643419836416
http://dx.doi.org/10.1352/1944-7558-126.1.34
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33370786&dopt=Abstract
http://dx.doi.org/10.1108/jet-08-2017-0034
https://www.mdpi.com/resolver?pii=s20236940
https://www.mdpi.com/resolver?pii=s20236940
http://dx.doi.org/10.3390/s20236940
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33291687&dopt=Abstract
http://dx.doi.org/10.1080/07317107.2019.1659544
https://rehab.jmir.org/2022/2/e35217
http://dx.doi.org/10.2196/35217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35389365&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Lancioni et al

©Giulio E Lancioni, Nirbhay N Singh, Mark O’ Reilly, Jeff Sigafoos, Gloria Alberti, Lorenzo Desideri. Originally published in
JMIR Rehabilitation and Assistive Technology (https://rehab.jmir.org), 07.04.2022. 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/2022/2/€35217 JMIR Rehabil Assist Technol 2022 | vol. 9 | iss. 2 |€35217 | p.66

(page number not for citation purposes)


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

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Rose et a

Review

Inertial Measurement Units and Application for Remote Health
Care in Hip and Knee Osteoarthritis: Narrative Review

Michael J. Rose”’, BSE; Kerry E Costello*?', BSE, MSc, PhD; Samantha Eigenbrot*, BSc, M Sc; Kaveh Torabian’,
BSc; Deepak Kumar®?, BSc, MPT, PhD

1Department of Physical Therapy & Athletic Training, Boston University College of Health & Rehabilitation Sciences: Sargent College, Boston, MA,
United States

2Division of Rheumatol ogy, Department of Medicine, Boston University School of Medicine, Boston, MA, United States

"these authors contributed equally

Corresponding Author:

Deepak Kumar, BSc, MPT, PhD

Department of Physical Therapy & Athletic Training

Boston University College of Health & Rehabilitation Sciences. Sargent College
635 Commonwealth Avenue

Boston, MA, 02215

United States

Phone: 1 617 358 3125

Email: kumard@bu.edu

Abstract

Background: Measuring and modifying movement-related joint loading is integral to the management of lower extremity
osteoarthritis (OA). Although traditional approaches rely on measurements made within the laboratory or clinical environments,
inertial sensors provide an opportunity to quantify these outcomesin patients' natural environments, providing greater ecological
validity and opportunities to develop large data sets of movement data for the devel opment of OA interventions.

Objective: Thisnarrative review aimed to discuss and summarize recent developmentsin the use of inertial sensorsfor assessing
movement during daily activitiesin individuals with hip and knee OA and to identify how this may translate to improved remote
health care for this population.

Methods: A literature search was performed in November 2018 and repeated in July 2019 and March 2021 using the PubMed
and Embase databases for publications on inertial sensorsin hip and knee OA published in English within the previous 5 years.
The search terms encompassed both OA and wearable sensors. Duplicate studies, systematic reviews, conference abstracts, and
study protocols were also excluded. One reviewer screened the search result titles by removing irrelevant studies, and 2 reviewers
screened study abstracts to identify studies using inertial sensors as the main sensing technology and a primary outcome related
to movement quality. In addition, after the March 2021 search, 2 reviewers rescreened all previously included studies to confirm
their relevance to this review.

Results: From the search process, 43 studies were determined to be relevant and subsequently included in this review. Inertial
sensors have been successfully implemented for assessing the presence and severity of OA (n=11), ng disease progression
risk and providing feedback for gait retraining (n=7), and remotely monitoring intervention outcomes and identifying potential
responders and nonresponders to interventions (n=14). In addition, studies have validated the use of inertial sensors for these
applications (n=8) and analyzed the optimal sensor placement combinations and data input analysis for measuring different
metrics of interest (n=3). These studies show promise for remote health care monitoring and intervention delivery in hip and knee
OA, but many studies have focused on walking rather than a range of activities of daily living and have been performed in small
samples (<100 participants) and in alaboratory rather than in areal-world environment.

Conclusions: Inertial sensors show promise for remote monitoring, risk assessment, and intervention delivery in individuals
with hip and knee OA. Future opportunities remain to validate these sensorsin real-world settings across arange of activities of
daily living and to optimize sensor placement and data analysis approaches.

(JMIR Rehabil Assist Technol 2022;9(2):€33521) doi:10.2196/33521
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Introduction

Background

Ddlivery of care and assessment of outcomesin patients’ natural
environments have made large strides in recent years. The
COVID-19 pandemic has further created a need for and
accelerated the adoption of remote approaches to health care.
Wearabl e sensors, which are used to describe small, lightweight
measurement devices that can be worn on the body [1], have
becomeintegral to models of remote care and assessment. These
devicescan beworn directly on the body or within an accessory
(eg, awatch) without atering the user’s natural behavior.

Osteoarthritis (OA) is a mechanically driven disorder and a
leading cause of disability in middle-aged and older age adults
[2]. The burden of OA isprimarily dueto the greater prevalence
of knee and hip OA [3], including those who undergo joint
replacement surgery for hip or knee OA [4]. In people with hip
or knee OA, abnormal joint loading during daily activities has
been associated with pathogenesis [5], driving interest in
assessing the relationships between repetitive loading during
everyday movements and disease outcomes and interventions
to alter these loads [6]. Although there is a large body of
literature on understanding movement patterns during daily
activitiesin people with knee or hip OA, amajority of the prior
work has used laboratory or clinical assessments, which have
limited ecological validity [7]. Furthermore, the gold standard
for measuring human movement, optica motion capture,
requires expensive equipment, skilled technicians, and a large
calibrated measurement space, limiting its deployment on a
large scale. In contrast, wearable technology can provide large
volumes of data from real-world settings with relative ease.
These data could improve health care quality by alowing remote
monitoring to inform treatment planning [8], for remote care
delivery to address provider and patient time constraints [9],
and for promoting active patient engagement through actionable
insights [9]. Thus, wearable sensors offer tremendous
opportunities to advance research and care for people with hip
or knee OA, including those who undergo joint replacement
surgery, most frequently total hip arthroplasty (THA) or total
knee arthroplasty (TKA) of the arthritic joint.

The most common wearable movement sensors that have been
used for OA applications are accel erometers, gyroscopes, and
magnetometers.  Accelerometers measure the applied
acceleration (ie, rate of change of linear velocity) along a
sensitive axis [10]. Gyroscopes measure angular velocity (ie,
therate of change of angular motion) within arotating reference
frame [11]. Magnetometers capture data that can provide
heading information, including body orientation, by sensing
Earth’s gravitational field [12]. All 3 of these sensors have
limitations: accelerometers suffer from signal drift [13], poor
reliability in measuring nondynamic events[14], and the impact
of gravity on acceleration signals [12]; gyroscopes experience
problems with drift, particularly during turning movements
[11]; and magnetometers can be affected by other magnetic

https://rehab.jmir.org/2022/2/e33521

fields (eg, nearby ferromagnetic objects) [15]. Consequently,
these technologies are often used in combination, especially as
inertial measurement units (IMUs; aso known as inertial
sensors), consisting of an accelerometer, gyroscope, and
sometimes a magnetometer. Inertial sensors are relatively
inexpensive, small, lightweight, and unobtrusive, allowing for
implementation in large cohorts; these sensors can be used
alongside other technologies or types of sensors to provide
feedback to users (eg, mobile apps).

Objectives

The aim of this review was to analyze the current uses and
limitations of using inertial sensors for assessing movements
during daily activities in individuals with hip or knee OA,
including those who undergo joint replacement surgery, and to
identify how this may translate to improved remote health care
in this population. We conclude with adiscussion highlighting
the potential future applications and remaining areas where
further development is required. This review may be used to
inform current practices and further research on these promising
technologies.

Methods

Search Strategy

For this narrative review, we performed an initia literature
search in the PubMed and Embase databasesin November 2018
and repeated the search in July 2019 and March 2021. The
keywords used for the search were (“IMU” OR “inertial sensor”
OR accelerometer OR gyroscope OR magnetometer OR
wearable* OR sensor) AND (osteoarthritis OR arthritis OR
“TKR” OR “TKA” OR “knee replacement” OR “knee
arthroplasty”).

Data Extraction

We included studiesthat met the following criteria: (1) original
studies published in the English language, (2) published within
the previous 5 years, (3) used inertial sensors for the study of
human movement, and (4) included data from people with OA
or those with knee replacement. We excluded studies that used
inertial sensors to study other related constructs (eg, sleep
quality and physical activity) but did not directly study
movement patterns. We excluded studies that focused on
individuals with knee injuries without a diagnosis of knee OA
(eg, anterior cruciate ligament tear and meniscus injury).
Duplicate studies, systematic reviews, conference abstracts, and
study protocols were also excluded. One researcher (either SE
or MJR) screened the search result titles, removing studies that
were not relevant to this review. For the remaining studies, 2
researchers (either SE and DK or MJR and KEC) read each
study abstract to determine whether the study should be
included. Thefinal decision oninclusion was madein consensus
by MJR, KEC, and DK. A total of 2 authors (SE and MJR)
reviewed the included studies and annotated key information,
including study objective, study population, details of theinertia
sensor, specifics of the application for which the sensors were
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used, and the findings. After reviewing this information, we
categorized the included studies based on the study objective
to organize this review for the reader. Specifically, we
categorized the studies into those related to the validity and
repeatability of inertial sensor measurements (n=8), assessment
of OA presence and severity (n=11), assessment of movement
patterns associated with OA progression and gait retraining
(n=7), assessment of OA intervention outcomes (n=14), and
sensor placement and data analysis (n=3). For each of these
sections, we synthesized the findings from the included studies

Figure 1. Literature search process.

Rose et d

with a focus on applications, limitations, chalenges, and
possible future directions. Tables are presented for each section,
summarizing the key information from the included studies.
Detailed descriptions of the study and sensor applications can
be found in tablesin Multimedia Appendix 1 [16-56].

Results

Our literature search identified a total of 536 papers, of which
43 were determined relevant and included in thisreview (Figure
1).

Initial search (November 2018)

Excluded duplicate
studies, systematic

reviews, conference
abstracts, and study
protocols=493

PubMed=257
EMBASE=71
Updated search (July 2019)
PubMed=34
EMBASE=9
Updated search (March 2021)
PubMed=141
EMBASE=24
>
h 4
Papers included in
review=43

Validity and Repeatability of I nertial Sensor
M easurement of M ovement

As the use of wearable technology for movement quality
assessment has increased, there is a need to assess the
repeatability and validity of these technologies (Table 1; Table
S1 in Multimedia Appendix 1). In people with hip OA,
waveforms recorded from a single pelvic IMU were reported
to have a shape and magnitude similar to those recorded by
optica motion capture [57]. Using a robotic arm and
anthropomorphic leg phantom to simulate knee flexion at 3
different speeds, Fennema et a [16] identified acceptable
test-retest repeatability of IMU-based joint angle measurements
(<+5° or -5°) across different knee flexion speeds or with
repositioning of the IMUs. In healthy young adults, the foot
progression angle (FPA), that is, the angle of the foot relative
to the direction of travel, has aso been measured with good to
excellent validity (intraclass correlation coefficient=0.89-0.91)
and reliability (intraclass correlation coefficient=0.95) [17] and
with errors <2° compared with optical motion capture[58] using
a shoe-embedded IMU. Many IMU systems have been
successfully validated against optical motion capture, including

https://rehab.jmir.org/2022/2/e33521

a 17-IMU system used to estimate knee adduction moment
(KAM) and tibiofemoral joint contact forces [18]; a 4-IMU
system used to measure spatiotemporal gait variables and knee
range of motion (ROM) [19]; and a 7-IMU system used to
measure ankle, knee, and hip joint angles in populations with
hip [20] and knee OA [21]. In addition, Bravi et a [22] found
asingle, lower trunk IMU valid for measuring spatiotemporal
gait parameters in both healthy participants and patients with
recent TKA or THA walking with crutches; however, the device
struggled with gait cycle phase recognition in the patient group.
Youn et a [59] found that variables related to initial loading
behavior (ie, knee flexion moment, KAM, anterior ground
reaction force, and vertical ground reaction force) could be

predicted (R?>0.60) from 10 temporal and kinetic parameters
extracted from 2 ankle-worn accelerometers in patients post
TKA. These studies suggest that wearable sensors can be used
to estimate joint kinetics. IMU-based systems have also been
found to provide valid metrics compared with optical motion
capture during more demanding tasks (ie, stair ascent, stair
descent, and sit-to-stand) in healthy older adults[18] and during
level walking in individuals post THA [60]. Furthermore, low
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coefficient of variance values (<10%) was reported when IMUs
were placed by different operators or when sensors were
displaced along the anteroposterior and mediolateral axes by
+20 to -20 mm [23]. As hardware enhancements continue and

Table 1. Inertial sensors validity and reliability measuring movement.

Rose et d

with the availability of larger data sets, it is anticipated that the
performance of these devices will continue to improve,
particularly with the use of advanced machine learning
approaches for data analysis.

Study Population Sensor Findings

Bravietd, 2020 Hegithy (n=10), THA?(n=10),and  SingleIMUS (G-WALK, BTSBioengi- Single IMU reliable for measuring spatiotemporal

[22] TKAD (n=10) neering) on trunk gait in individuals using crutches

Charlton et d, Healthy (n=20) SingleIMUC (MPU-9150, InvenSense)  G0od to excellent reliability measuring foot progres-

2019 [17] embedded in shoe sole under hel sion angle in overground walking

Fennemaet al, Anthropomorphic phantomleg 2 |\MUC (MetaMotionR, mbientlab) on  Acceptable repeatability in range of motion mea-

2019 [16] thigh and shank surements from 2 different IMU placements

Hafer et al, 2020 Healthy (n=20) and knee oad 41MU® (OPAL, APDM) on foot, Minimal IMU setup and reproducible methods can

[19] (n=9) shank, thigh, and lower back accurately capture gait metrics

Ismailidiset al, Healthy (n=45) and hip OA (n=22) 7 |\MUC (RehaGait, Hasomed) on Validated commercial IMU system againgt literature

2020 [20] pelvis, feet, shanks, and thighs on marker-based data differences between hip OA
and healthy individuals

Ismailidiset al, Healthy (n=46) and knee OA 7 IMUS (RehaGait) on pelvis, feet, Sensors abl e to discriminate between knee OA and

2021 [21] (n=22) shanks, and thighs healthy individuals and between affected and unaf-
fected sidesin unilateral knee OA

Konrathetal, 2019 Healthy (n=8) 17 IMUC (Xsens Awinda, Xsens Tech- Moderateto strong Pearson correlation coefficients

(18]

Zigner et al, 2019 THA (n=49)
(6]

nologies BV) on entire body

6 IMU® (GaitSmart, Dynamic Metrics
Ltd) oniliac crests, thighs, and shanks

found between knee adduction moment and
tibiofemora joint contact force calculations

Validated IMUsfor measuring mean pelvictilt and
knee flexion angles

3THA: total hip arthroplasty.
BTKA: total knee arthroplasty.

CIMU: inertial measurement unit (with accel erometer, gyroscope, and magnetometer).

d0A: osteoarthritis.
€IMU with accel erometer and gyroscope.

Assessment of OA Presence and Severity

One of the most common applications of inertial sensors
identified in this review was to determine the presence or
severity of hip or knee OA using IMU-derived movement
parameters (Table 2; Table S2 in Multimedia Appendix 1).
Acrossthese studies, there was awide variation in the methods
used to extract various movement parameters. Simpler
approachesrely on using raw sensor data and focus on walking
gait. For instance, Tanimoto et al [24] compared the peak shank
angular velocity during swing directly measured from a
gyroscope between people with knee OA and controls. The
authors determined gait cycles using an acceleration signal.
Although they did not find any significant differences in the
average and variability measures of peak shank angular velocity
between groups, they observed that greater angular vel ocity and
lower variability of peak angular velocity were related to lower
pain and better participant-reported function. Ancther relatively
simple approach included using the mean and root mean square

https://rehab.jmir.org/2022/2/e33521

of the accel eration and angular velocity signals from foot-worn
IMUs without undertaking any gait cycle detection [23]. Using
this approach, Barrois et al [23] identified 4 of 61 parameters
to be discriminative between people with knee or hip OA with
moderate impairments, those with severe impairments, and
healthy controls. However, given the large number of
comparisons with arelatively small sample and no adjustment
of the P value, their findings may be susceptibleto type 1 errors.
Finaly, Na et a [25] reported a greater magnitude of tibial
acceleration and tibial jerk (ie, the time derivative of
acceleration) during the midstance phase of walking in people
with knee OA compared with controls and greater acceleration
being related to greater self-reported knee instability. The
findings from these studies suggest that information extracted
from the raw accel eration or angular velocity signals, even from
asingle sensor, may be useful to discriminate between people
with knee OA and controls and could be related to clinically
meaningful participant-reported outcomes.
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Table 2. Inertial sensors and assessment of osteoarthritis presence and severity.

Rose et d

Study Population

Sensor

Findings

Barroiset a, 2016 [23] Healthy (n=12) and

kneeor hip OA?(n=48)

De Brabandere et al,
2020[31]

Hip OA (n=20)

Dindorf etal, 2020[32] Hedlthy (n=27) and

THAY (n=20)

Ismailidis et al, 2020
[61]

Healthy (n=48) and hip
OA (n=24)

Ismailidis et al, 2020
(26]

Healthy (n=28) and
knee OA (n=23)

Naand Buchanan, 2021
[25]

Healthy (n=13) and
knee OA (n=26)

Odonkor et al, 2020
[27]

Tadano et a, 2016 [28]

Healthy (n=10) and
knee OA (n=10)

Healthy (n=8) and knee
OA (n=10)

41MUP (MTw, X sens TechnologiesBV)
on feet, lower back, and head

Single IMU® (Samsung Galaxy J5 2017,
Samsung) inside cell phone, attached to
hip

7 IMUC (Awinda, X sens Technologies
BV) on feet, shanks, thighs, and back

71IMUP (RehaGait, Hasomed) on pelvis,
feet, shanks, and thighs

7 IMUP (RehaGait) on pelvis, feet,
shanks, and thighs

5 IMUC (3D myoMOTION, Noraxon)
on pelvis, thighs, and shanks

2IMUP (Shimmer3, Shimmer Sensing)
on feet

7 IMUC (H-Gait system, Laboratory of
Biomechanical Design, Hokkaido Uni-

Found discrimination capacity between OA severity
groups in parameters of mean and root mean square of
horizontal acceleration in both feet

Trained machine learning pipeline to estimate hip and
knee joint loading; error too large for clinical use

Automatically extracted features gave best machine
learning accuracy in discriminating THA from healthy
individuals

Significant changes in hip and knee kinematics exist
between hip OA and healthy individuals in speed
matched conditions

Significant differencesin all spatiotemporal parameters
between groups when walking at self-selected speed

Linear acceleration (significant) and jerk (insignificant)
negatively associated with self-reported instability

Stance and double support ratio 2 most consistent dis-
criminating features between OA and controls

Angle between knee trajectories nearly twice aslarge
in OA individuals compared with healthy controls

versity) on pelvis, thighs, shanks, and

feet

Tanimoto et al, 2017
[24]

Healthy (n=11) and
knee OA (n=12)

Van der Straaten et al,
2020 [29]

Healthy (n=12) and

knee OA (n=19) on entire body

Van der Straaten et al,
2020 [30]

Healthy (n=12) and

knee OA (n=19) on entire body

SingleIMU® (MV P-RF8-GC-500, Micro-
stone) on anterior shank

15 IMUP (MVN BIOMECH Awinda)

15 IMUP (MVN BIOMECH Awinda)

No differences between 2 groupsfor any parametersfor
peak shank angular velocity

Individua swith knee OA walked with significantly less
trunk rotation, lessinternal pelvic rotation during stance
to swing, and reduced knee flexion among other discrim-
inating differences

Knee OA individuals had morelateral trunk lean toward
contralateral leg and more hip flexion throughout perfor-
mance of unipodal stance task

30A: osteoarthritis.

BIMU: inertial measurement unit (with accelerometer, gyroscope, and magnetometer).

%IMU with accel erometer and gyroscope.
4THA: total hip arthroplasty.

Other studies have used more computationally complex
approaches to extract spatiotemporal parameters and joint
kinematics during walking using IMU data. Ismailidis et al
[26,61] published 2 studies, one each in people with end-stage
hip OA and those with end-stage knee OA, in which they
compared spatiotemporal and sagittal plane kinematics from
IMUs between OA and control populations. Using statistical
parametric mapping, they observed differences in multiple
parameters (eg, cadence, knee, and hip kinematics) between
each OA population and controls. Differencesin spatiotemporal
parameters between people with knee OA and controls[27] and
injoint kinematics among kneeswith varying OA severity [28]
have also been reported by other studies. These approaches are
closer to theinformation traditionally obtained using 3D motion
capture systems and alow for comparisons with existing
literature. However, most of these studiesrelied on commercia
systems, which rai ses concerns about the accuracy and validity
of the data because the algorithms tend to be proprietary.

https://rehab.jmir.org/2022/2/e33521

In addition to walking, IMUs were used to compare movement
patterns during other daily activities between individuals with
OA and contrals. In 2 studies from the same cohort of people
with end-stage knee OA and controls, van der Straaten et a
[29,30] compared movement patterns during various activities,
including walking, lunge, stair climbing, squatting, sit-to-stand,
and single-leg balance. They reported differences in multiple
measures, including those representing motions of the trunk
and pelvis, which had not been previously reported. These
authors also used a commercial system but undertook a
validation study against optical motion capture. They concluded
that the given IMU system was not ready for the assessment of
movement patterns in patients with knee OA, particularly for
motionsin the frontal plane.

The final 2 studies in this section used machine learning
approaches during the postprocessing of IMU data [31,32].
Going beyond spatiotemporal parameters and joint kinematics,
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De Brabandere et a [31] estimated hip and knee contact forces
during various daily activities from a single IMU within a
smartphone using machinelearning. They observed differences
in the model performance across joints (hip vs knee) and
activities. They concluded that their approach, which was easy
to use and promising in terms of model performance, did not
result in an estimate of contact force that was sufficiently
accurate for clinical use. However, this study represents an
important advancement in the estimation of joint contact forces
from IMUs, and future work with multiple sensors and more
advanced machine learning approaches may yield better results.
Finally, Dindorf et al [32] used explainable artificial intelligence
to classify people into those post total hip replacement and
controls using data from 7 IMUs during walking. They used
both raw data and joint kinematic data as inputs in different
models and observed excellent model performance. They
reported that sagittal movement of the hip, knee, and pelvis,
along with transversal movement of the ankle, was especially
important for classification [32]. The use of machine learning
and deep learning approaches is only expected to increase,

Rose et d

particularly as IMUs facilitate the collection of datain cohorts
much larger than is possible with traditional motion capture.
These approaches could eventually lead to digital biomarkers
of OA from data collected using simple and inexpensive IMU
SeNsors.

Assessment of M ovement Parameters Related to OA
Progression and Gait Retraining

Although discriminating between people with and without OA
is important, being able to identify individuals at risk of
worsening disease early in the disease process would be even
more valuable. To this end, another key application of inertial
sensorswasin using these rel atively low-cost sensorsto quantify
important gait parameters that have previously been associated
with knee OA progression (Table 3; Table S3 in Multimedia
Appendix 1), such asvarusthrust, KAM [62,63], and FPA [64].
Capturing these parameters would traditionally require
expensive 3D motion capture technologies, but inertial sensors
may allow these risk factors to be captured with relative ease
and at low cost in large samples.

Table 3. Inertial sensors and assessment of movement patterns associated with osteoarthritis progression and gait retraining.

Study Population Sensor

Findings

Costelloeta, 2020 K pee OAR (n=26)
[33]
shank

Ishii et al, 2020
(34]

Knee OA (n=44)
placed on tibia and foot

Iwamaet a, 2021 Knee OA (n=22)

[39] on pelvis, sternum, shanks, and thighs
Karatsidisetal,  Healthy (n=11) 7 IMUP (M Tw, X sens Technologies
2018[38] BV) on pelvis, thighs, shanks, and feet
Wengetal, 2020  Healthy (n=12), knee 7 \UC (DA14583, Dialog Semicon-
[36] OA (n=78) ductor) on malleoli

Woudaet al, 2021  Healthy (n=5) 2 IMUP (MTw Awinda, Xsens Tech-

[37]
Xiaetal, 2020[39]

nologies BV) on feet

Heslthy (n=10)
in shoe sole

3IMUP (Trigno IM Sensors, Delsys
Inc) on thigh, midshank, and distal

2 IMUC (WAA-010, ATR-Promotions)

6|MUC (TSND151, ATR-Promotions)

SingleIMU b (custom-made) embedded

Single-leg sensor metrics were associated with surrogate mea-
sures of varus thrust, and midthigh adduction velocity was sig-
nificantly associated with peak externa knee adduction moment

Positive correl ation between lateral thrust and changein media
meniscus extrusion

Moderate correlation found between acceleration peak in IMU
frameand KAM, valuesfrom shank IMU had strongest correla-
tion

High accuracy and repeatability of foot progression angle
measures, and feedback effectiveness was similar between
wearable and laboratory feedback setups

Two machine learning algorithms were highly accurate (Fe2
approximately 0.95) in predicting KAM using IMU input

Good correlation coefficients to discriminate between different
foot progression angle walking conditions

Participants were able to respond to feedback during walking
and adopt target foot progression angle conditions

30A: osteoarthritis.

BIMU: inertial measurement unit (with accelerometer, gyroscope, and magnetometer).

CIMU with accel erometer and gyroscope.

Different sensor configurations during walking have been used
to quantify varus thrust in gait; and one study using sensors on
the thigh, midshank, and distal shank showed that midthigh
sensor metrics were associated with optical motion capture
thrust measurements while having less variability than midshank
sensors[33]. Another study using sensorson thetibial tubercles
and dorsal surface of the foot found greater peak varus thrust
in the severe OA group when compared with their early-stage
OA group [34]. Iwama et a [35] assessed the correlation
between peak KAM and peak-to-peak difference of acceleration
in the medial-lateral axis using sensors on the sternum, pelvis,
thighs, and shanks and found that the shank sensor had the

https://rehab.jmir.org/2022/2/e33521

highest correlation (R=0.57). Wang et al [36] trained 2 machine
learning algorithms using raw IMU data from sensors on the
bilateral lateral malleoli to provide an accurate, red-time
estimation of KAM during walking. The models—XGBoost
and an artificial neural network—weretrained to estimate KAM
from adata set of both healthy individual s and those with knee

OA, with both models having an R? value of approximately
0.95 [36]. Finally, single sensors on top of the shoes were used
to estimate the FPA with a maximum mean error of
approximately 2.6° [37]. These approaches show promise for
the use of wearablesfor accurate estimati ons of theseimportant
gait parameters in people with knee OA with the potential for
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gait retraining interventions that can directly target these
parameters. However, further validation of these approachesin
free-living conditions is required before they can be
implemented in future interventions.

Gait retraining to alter parameters related to OA progression is
a natural follow-up to the aforementioned work. In knee OA,
gait retraining typically aims to decrease the KAM [36,65,66],
a parameter linked to the severity and progression of knee OA
[67,68]. Karatsidis et al [38] used Microsoft HoloLens, an
augmented reality headset, to provide feedback on FPA from
7 IMUs (on the pelvis, thighs, shanks, and feet) and found
similar effectiveness between this approach and a laboratory
approach (ie, projection screen in front of the participant) based
on stepsfalling within a+2° to-2° targeted range. Furthermore,
IMU-based FPA estimates closely matched those obtained from
optical motion capture (overall root mean sgquare difference of
2.38°) [38]. Xia et a [39] developed a shoe with an
IMU-embedded insole and vibration motor to provide haptic
feedback directly during walking to correct FPA, with
participants successfully adopting 5 different FPA walking
patterns after training. Although all these prior studies attempted
to indirectly reduce KAM by altering other parameters (eg,
FPA), some of the approaches discussed earlier that attempted
to directly estimate KAM could potentially be used for gait
retraining interventionsin the future by adding feedback about
this parameter [35,36].

Assessment of OA |ntervention Outcomes

There has also been considerable interest in using wearable
technology to remotely monitor data following interventions

https://rehab.jmir.org/2022/2/e33521
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for OA (Table 4; Table S4 in Multimedia Appendix 1). Lebleu
et a [40] used inertial sensors to track improvements in lower
limb joint angles before and after administering a genicular
nerve blockade in patients with knee OA and found a 9.3°
increase in sagittal plane ROM during gait and a 3.3° decrease
in pelvic transverse ROM when walking upstairs. In a novel
application, Goslinska et a [41] used IMUs to measure
proprioception during physical therapy in patients with knee
OA to assist in patient evaluation. Wearable sensors are used
more often to monitor outcomes in patients undergoing joint
replacement surgery. Hsieh et al [42] used a 6-sensor system
during the timed up and go test to identify subphases with this
task using machine learning for patients with TKA; using
preoperative and postoperative data, they achieved a
classification accuracy of 92% for segmentation of subphases
during the timed up and go test. Inertial sensors have also been
used to identify remaining gait asymmetry following a 4-week
rehabilitation program in individuals post THA [69]. These
studies demonstrate the potential of wearable technologies to
monitor functional recovery after joint replacement surgeries
in patients with knee or hip OA, potentidly identifying
individuals who may require additional rehabilitation or other
medical care. When combined with patient factors (BMI,
anesthesia status, and hemostatic use), datafrom wearableswere
used to identify associations between these factors and knee
ROM post TKA [43]. Thus, inertial sensors could be used not
only to understand how interventions affect biomechanics or
movement quality but also how patient factors are related to
these outcomes.
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Table 4. Inertial sensors and assessment of osteoarthritis intervention outcomes.
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Study Population Sensor Findings

Bloomfield et al, TKA?(n=82) 41MUP (MetaMotionR, MBientLab) ~ USing only sensor data and no method of feature

2021 [51] on thighs and shanks selection, random forest model was able to sepa-
rate responders from maintai ners with 93% accu-
racy

Bloomfield et al, TKA (n=68) 41MUP on thighs and shanks Successfully grouped patients using preoperative

2019 [50] functiona datainto high function and low function

Bolink et al, 2016

Healthy (n=30) and THAC (n=36)
[44]

Chiang et a, 2017
[43]

TKA (n=18)

Di Benedetto et a,
2019 [46]

Goslinskaet al,
2020[41]

TKA (n=26)

Healthy (n=27) and TKA (n=54)
Gripet al, 2019[47]

Healthy (n=8), THA (n=15)

Hsieh et a, 2020
[42]

THA (n=26)

Kluge et al, 2018
[49]

Healthy (n=24), TKA (n=24)

Kobsar et al, 2017  Knee OA (n=39)

[52]

Kobsar, and Ferber, Knee OA (n=8)

2018 [53]

Lebleueta, 2020  Healthy (n=12), knee OA (n=14)
[40]

Menz et al, 2016 First metatarsophalangeal OA
[48] (n=97)

Shahetal, 2019[45] THA (n=10) and TKA (n=7)

SingIeIMUd (Inertia-Link, MicroS-
train) on posterior superior iliac spine

2 IMUP (OPAL, APDM) on thigh and
shank

41MUP (Bioval, Movea)

2 IMUP (Orthyo, Aisens) distal to both
greater trochanter and tibial tuberosity

5 1MUY (MoLab, AnyMo AB) on
pelvis, thighs, and shanks

61MUY (OPAL) on chest, back, thighs,
and shanks

21Mud (Shimmer3, Shimmer Sensing)
on each foot

41MUY (iNEMO inertial module,
STMuicroelectronics) on foot, shank,
thigh, and back

41MUY (iINEMO inertial module) on
foot, shank, thigh, and back

7 IMUP (x-IMU, x-io Technologies)
on waist, thighs shanks, and feet

41MUY (LEGSys, Biosensics) on
thighs and shanks

Single IMUP (Lumo Lift, Lumo
Bodytech) on pelvis

short-term recovery groups

Preoperative differencesin gait parameters be-
tween low and high function groups disappeared
by 3-month postoperative time point

Different range of motion patterns present in pa-
tients that received different hemostatic agents
shortly after surgery

One TKA implant performed better in rotational
flexion and freedom than other

No significantly impact of different rehabilitation

programs on affected knee position sensein OA®
groups

Large femoral head THA surgery group had
gresater hip flexion range of motion than traditiona
THA surgery group

Accuracy >90% in timed up and go subtask seg-
mentation with AdaBoost machine learning tech-
nique

Wearabl e-derived metrics consistent with previous
literature on gait function in post-TKA popula-
tions

Sensor data were more accurate than patient-re-
ported outcome measures in predicting response
to hip strengthening program

Average of 84 principal components needed to
describe 95% of variance in gait patterns related
to improvementsin clinical outcomes

Cadence and stride time changed significantly
after nerve blockade injections, tending toward
values of healthy individuals

Orthoses did not produce significant changes on
spatiotemporal and kinematic parameters, rocker-
sole reduced cadenceto small effect and increased
% stance time and reduced sagittal plane hip ROM
to medium effect

Raw data give better understanding than 24-hour
summarized data for correlating with patient-re-
ported outcome measures

3TKA: total knee arthroplasty.

BIMU: inertial measurement unit (with accelerometer, gyroscope, and magnetometer).

®THA: total hip arthroplasty.
4MU unit with accelerometer and gyroscope.
€OA: osteoarthritis.

Wearable sensor data may provide information about recovery
beyond that captured by the subjective measures of change.
Bolink et a [44] identified that objective gait parameters capture
adimension of physical function that is distinct from Western
Ontario and McMaster Universities Arthritis Index scores in

https://rehab.jmir.org/2022/2/e33521

individualspost THA. Although Western Ontario and McMaster
Universities Arthritis Index scores improved in patients with
both low and high preoperative function at 3-month post THA,
gait parameters only improved in those with low preoperative
function [44]. Thisfinding that individual swith lower function
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have more functional improvement to gain from THA highlights
the potential of inertial sensors to capture additional insights
that are not clear from subjective data alone [44]. Furthermore,
Shah et a [45] determined that increasing the sampling
frequency of the sensor improves the accuracy of machine
learning algorithmsin predicting patient-reported outcomes.

Wearabl e sensors have al so been used to compare the outcomes
of various OA treatments. Di Benedetto et a [46] used a4-IMU
system (Bioval) to compare kinematic outcomesin patientswho
underwent TKA using different implants, finding a significant
increasein kneeflexionin onegroup. In addition, using sensors
on the pelvis, thighs, and shanks, Grip et a [47] found larger
ROM during squats, gait, and stair ascent and descent in
individualsreceiving aTHA implant with alarger femoral head
than in those who received a conventional implant. IMUs have
similarly been used to compare the effects of prefabricated foot
orthoses and rocker-sol e footwear on spatiotemporal parameters,
hip and knee kinematics, and plantar pressure in individuals
with OA of thefirst metatarsophalangeal joint [48]. Using IMUs
on the shanks, thighs, and lower back, aong with plantar
pressure insoles, Menz et al [48] demonstrated that both
interventions reduced the peak pressure beneath the first
metatarsophalangeal joint and heel, but the rocker-sol e footwear
additionally reduced the pressure across the second through
fifth metatarsophalangeal joints, whereasthe orthosesincreased
the peak pressure under the lesser toes and midfoot. Although
this study had a small sample relative to the number of
comparisons, it highlights a novel application of wearable
technology to study how interventions affect muscleforce[70].
In general, the studies discussed above highlight the potential
of inertial sensors to provide objective outcomes in clinical
trials with relative ease.

With a heterogeneous OA population that may respond
differently to interventions, an exciting area of development is
in predicting the response to treatment. For example, high
preoperative gait function assessed using 2 feet-worn IMUswas
predictive of functional decreases post TKA, suggesting that
those with lower preoperative function have more to gain [49].
In addition, positive and negative responders can be predicted

Table5. Inertial sensors sensor placement and data analysis.

Rose et d

with an accuracy of up to 89% [49]. Bloomfield et a [50] used
IMU datafrom sensors above and bel ow the knee on participants
during the timed up and go test preoperatively to group patients
by functional improvement likelihood and to predict expected
functional recovery after TKA [51]. Similarly, Kobsar et al [52]
classified nonresponders, low responders, and high responders
to a 6-week hip and core strengthening program for knee OA
with 81.7% accuracy using preintervention datafrom IMUs on
the lower back, thigh, shank, and foot, and similar results were
obtained using a simplified 2-sensor system (thigh and back
IMU dataonly). Furthermore, using asubsample of participants,
Kobsar et a [53] identified gait pattern changes that were
associated with self-reported pain and function outcomes using
anovel, subject-specific, machine learning approach, suggesting
that machinelearning analyses can be used with wearable sensor
datain clinically meaningful ways.

Most studies discussed in this section had small sample sizes
with some being preliminary in nature. However, these studies
demonstrated a wide range of possibilities with the use of
wearabl e sensors to monitor intervention outcomes and predict
responses to interventions.

Sensor Placement and Data Analysis

Given the variety of different parameters and sensor
configurations used in studies using inertial sensors in
populations with hip and knee OA or joint replacement, there
has also been interested in investigating the effect of sensor
configuration and data analysis on outcomes (Table 5; Table
S5 in Multimedia Appendix 1). For example, Sharifi et al [54]
used machinelearning to analyze 15 combinations of datafrom
a maximum 7-IMU system (feet, pelvis, shank, and thigh
sensors) on individuals with OA and TKA to determine the
optimal sensor combination to capture spatiotemporal gait
parameters, with the feet-thigh combination having the best
overall rank based on normalized absolute percentage error
compared with the other sensor combinations. A few of the
studies mentioned in thisreview a so incorporated acomparison
of different sensor locationsinto their work [16,33,35,52], with
the goa of optimizing the balance between convenience and
patient burden (ie, low number of sensors) and valid data.

Study Population Sensor Findings

Boekesteijn et al, 2021 Healthy (n=27), knee OA®  41M uP (OPAL, APDM) on feet, Stride length and cadence had strongest effect sizes for
56 both OA groups during turning and dual-task perfor-
[56] group: g g p

(n=25), and hip OA (n=26)

Sharifi etd, 2020 [54]  Knee OA (n=14) and TKA®

(n=15)
Teufl etal, 2019[55]  Healthy (n=24) and THA®
(n=20)

lumbar spine, and sternum
71MUd (X'sens Technologies BV)
on pelvis, thighs, shanks, and feet

71MUP (Xsens Technologies BV)
on pelvis, thighs, shanks, and feet

mance during walking

Feet-thigh sensor combination identified as best for
measuring spatiotemporal gait parameters

Joint angles yielded 97% accuracy in differentiating
gate between groups, spatiotempora metrics gave 87.2%
accuracy

30A: osteoarthritis.

BIMU: inertial measurement unit (with accelerometer, gyroscope, and magnetometer).

“TKA: total knee arthroplasty.
4IMU with accelerometer and gyroscope.
®THA: total hip arthroplasty.
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In addition to various sensor placement combinations, various
methods for analyzing inertial sensor data have been explored.
Teufl et a [55] trained 2 different support vector machines—one
using spatiotemporal gait parametersand one using joint angles,
both from a 7-IMU system—to differentiate between impaired
and nonimpaired gait using healthy controls and individuals
post TKA. Both machines were successful (87.2% and 97.0%
accuracy), and hip ROM symmetry was the most important
single predictive feature, being roughly 3 times more important
than the next feature, pelvic sagittal ROM [55]. In a study of
individuals with knee OA, hip OA, and healthy controls,
Boekesteijn et al [56] created 4 independent gait domains as a
way to reduce the dimensionality of their data set and found the
domains containing stride length, cadence, and lumbar sagittal
ROM to be the most sensitive to detecting the presence of knee
or hip OA. Other studies previously mentioned in this review
(Tables 1-4) examined a variety of extracted metrics, with a
few using machine learning for feature extraction or outcome
prediction [31,32,36,51,53]. These studies provide initial
information about how sensor placement and dataanalysis affect
outcomes,; however, given the variety of factors used in the
current literature, more work is needed in this area to identify
theideal sensor placements and extracted datatypesfor specific
applications of inertial sensorsin lower limb OA.

Discussion

Principal Findings

This review sought to examine the use of inertial sensors to
assess the movement in the context of hip and knee OA clinical
care in patients' natural environments. We identified various
applications of inertial sensors in hip and knee OA that have
been published over the past 5 years, including assessment of
OA presence and severity, assessment of and intervention on
risk factorsfor OA progression, tracking intervention outcomes,
and identifying individuals most likely to respond to
interventions. Although further work is needed to validate the
findings in real-world environments and determine optimal
sensor placement and data analysis methods, the use of inertial
sensorsfor these applicationsin hip and knee OA could improve
opportunitiesfor remote research and clinical care, particularly
given the shifting health care landscape resulting from the
COVID-19 pandemic [71].

Comparison With Prior Work

There have been 2 previous reviews of wearable sensorsin OA
or postarthroplasty populations; however, thesefocused on very
specific applications (gait analysis or postsurgical outcomes),
whereas this review sought to assess all current and potential
uses of inertial sensorsin these populations. A scoping review
by Kobsar et a [72] on inertial sensors for gait analysis in
individuals with OA identified multiple studies using inertial
sensors for this application, with arange of sensor placements
and outcomes used among the included studies. Although we
similarly identified a range of sensor placements and outcome
measures used in the studiesincluded in thisreview, our results
are based on the assessment by Kobsar et a [72] regarding
sensor protocol s and outcome measures by examining therange
of challenges and problems to which wearable sensors can and
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have been applied, including those beyond gait analysis.
Importantly, both reviewsidentified the need to validateinertial
sensor assessment of gait in free-living environments. Another
review focused solely on wearable sensors in assessing
functional outcome measures after lower extremity arthroplasty
and found wearable sensorsto be more sensitive than traditional
functional outcome measures [73]. Both this review and the
current one suggest that more work is needed to understand the
clinical relevance of sensor measures.

Finally, wewould like to recognize thetimeliness of thisreview
within thewider scope of the current research and global events.
At the time of writing, the global COVID-19 pandemic is till
ongoing [74]. Thisevent accel erated both the adoption of remote
health care [75] and the use of digital health technologies for
the remote assessment of participantsin clinical trials[76]. By
rerunning our literature search in March 2021, we were able to
capture and include many studies using inertial sensors that
were published during the first year of the pandemic. Of the 43
studiesincluded in thisreview, 24 were published in either 2020
or the first 3 months of 2021. As the landscape of both data
collectionin general and the management of clinical trialsmoves
outside of the laboratory with inertial sensors and wearable
technology, we believe this review adds an important summary
of new and current sensor applications to the existing body of
literature.

Limitations

A number of limitations should be considered when interpreting
theresultsof thisreview. Firgt, although, in this study, we aimed
to provide a narrative overview of the various applications of
wearableinertial sensorsfor assessing movement quality in OA
populations, the narrative format and change in search scope
could have led to a selection bias in the studies included. To
mitigate therisk of selection bias, 2 researchers (MJR and KEC)
reviewed all identified abstracts from the final search strategy
for potential inclusion and additionally reviewed studies sel ected
for inclusionin the earlier searchesto determineif they met the
updated scope. Second, given the narrative format of thisreview,
the quality of included studieswas not assessed. Third, limiting
the search to studies published within the past 5 years may have
resulted in the exclusion of relevant studies published outside
this range. This pragmatic choice was made owing to a
significant increase in the number of publications on wearable
sensorsin recent yearsto present current resultsfrom thisrapidly
moving field. Fourth, the significant variability in sensor
placement acrosstheincluded studieslimited our ability to draw
conclusions regarding best practices for specific applications.
Finally, this review does not address patients' and clinicians

perspectives on wearabl e technology. The reader is advised to
consider stakeholder perspectives when implementing inertial

sensors to assess movements in OA populations.

Future Directions

The results of this review highlight the potential of wearable
sensors for remote monitoring of patients with OA and
identification of those at risk for whom interventions may be
needed. However, thiswork has primarily been donein relation
to walking gait, with relatively few studies examining other
types of movement (lunges, stair ascent and descent, squatting,
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sit-to-stand, and single-leg stance) [29,31,47] commonly
experienced during everyday life. In addition, as described by
Kobsar et al [72] in ascoping review of inertial sensorsfor gait
analysis in individuals with OA, more work is required in
free-living environments. Given the low number of nongait
studies and the high prevalence of laboratory-based data
collection in the studies included in this review, further work
isneeded to validate whether inertial sensor data captured from
various real-world activities are sensitive to disease initiation
and risk of progression and thus could be used for remote
monitoring and risk screening.

In addition, we found only a handful of studies focused on
training of movement patterns for individuals with OA, and of
those we did identify, all focused on the feasibility and
validation of gait retraining interventions. Questions remain
around the large-scale deployment of inertial sensor—driven
gait retraining or similar programs. The conclusions on the
efficacy and acceptability of the interventions are of interest.
Finally, although a few of the studies included in this review
reported good reliability and validity of metrics extracted from
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inertial sensor data, awide range of inertial sensor systems and
extracted parameters were used in the various applications
reviewed here. Continued research into optima sensor
placement to best capture relevant outcomes with minimum
burden on the individual patient or participant may encourage
the widespread use of these systems to capture biomechanical
datain real-world settings.

Conclusions

Multiple opportunities exist to use inertial sensors to enhance
remote health care for hip and knee OA. Withinthelast 5 years,
research using inertial sensorsin these populations has focused
on the validity and repeatability of measurements, assessment
of OA presence and severity, assessment of movement patterns
associated with OA progression and gait retraining, assessment
of OA intervention outcomes, and sensor placement and data
analysis. Although these applications show great promise,
further work is needed to investigate the use of inertial sensors
in real-world settings, in a variety of activities of daily living,
and in larger samples of individuals with hip and knee OA.
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Abstract

Background: With the increasing adoption of high-speed internet and mobile technologies by older adults, digital healthisa
promising modality to enhance clinical care for people with knee osteoarthritis (KOA), including those with knee replacement
(KR).

Objective: This study aimed to summarize the current use, cost-effectiveness, and patient and clinician perspectives of digital
health for intervention delivery in KOA and KR.

Methods: In this narrative review, search terms such as mobile health, smartphone, mobile application, mobile technology,
ehealth, text message, internet, knee osteoarthritis, total knee arthroplasty, and knee replacement were used in the PubMed and
Embase databases between October 2018 and February 2021. The search was limited to original articles published in the English
language within the past 10 years. In total, 91 studies were included.

Results: Digital health technologies such as websites, mobile apps, telephone calls, SMS text messaging, social media,
videoconferencing, and custom multi-technology systems have been used to deliver interventionsin KOA and KR populations.
Overall, there was significant heterogeneity in the types and applications of digital health used in these populations. Digital patient
education improved disease-related knowledge, especially when used as an adjunct to traditional methods of patient education
for both KOA and KR. Digital health that incorporated person-specific motivational messages, biofeedback, or patient monitoring
was more successful at improving physical activity than self-directed digital interventions for both KOA and KR. Many digital
exercise interventions were found to be as effective as in-person physical therapy for people with KOA. Many digital exercise
interventions for KR incorporated both in-person and web-based treatments (blended format), communication with clinicians,
and multi-technology systems and were successful in improving knee range of motion and self-reported symptoms and reducing
the length of hospital stays. All digital interventions that incorporated cognitive behavioral therapy or similar psychological
interventions showed significant improvementsin knee pain, function, and psychol ogical health when compared with no treatment
or traditional treatments for both KOA and KR. Although limited in number, studies have indicated that digital health may be
cost-effective for these populations, especialy when travel costs are considered. Finally, although patients with KOA and KR
and clinicians had positive views on digital health, concerns related to privacy and security and concerns related to logistics and
training were raised by patients and clinicians, respectively.

Conclusions: For people with KOA and KR, many studies found digital health to be as effective as traditional treatments for
patient education, physical activity, and exercise interventions. All digital interventions that incorporated cognitive behavioral
therapy or similar psychologica treatments were reported to result in significant improvements in patients with KOA and KR
when compared with no treatment or traditional treatments. Overall, technol ogiesthat were blended and incorporated communication
with clinicians, as well as biofeedback or patient monitoring, showed favorable outcomes.

(JMIR Rehabil Assist Technol 2022;9(2):e33489) doi:10.2196/33489
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digital health; knee osteoarthritis; knee replacement; mobile health; telemedicine; mobile phone
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Introduction

Shah et a

Methods

Digital health can be broadly defined asthe use of technologies
such as websites, mobile phones, wearable devices, and
telemedicine for the diagnosis, treatment, prevention, and
maintenance of health [1]. Digital health has been increasingly
used for remote and personalized care across a range of health
conditions, and the COV1D-19 pandemic hasfurther highlighted
the need for and accelerated the adoption of these technologies
[2]. With the increasing use of the internet and mobile
computing devices in older adults [3-5], digital health holds
promise for clinical and research applications in people with
knee osteoarthritis (KOA) [6].

The core recommendations for KOA management include
patient education, self-management, and exercise [7-11].
However, current treatment approaches are largely inconsistent
with the guidelines [12,13]. Barriers to the implementation of
clinical practice guidelines in osteoarthritis include limited
access to health care settings, lack of knowledge of treatment
approaches and guidelines, psychological barriers (eg, poor
self-efficacy), and system-related factors (eg, limited health
care provider time) [14,15]. Digital health may help address
many of these barriers and increase the uptake of clinical
practice guidelines, for example, by improving access to care
and information, delivery of behaviora interventions, and
remote patient monitoring.

Prior reviews on digital health for the management of KOA
were mostly systematic reviews [16-21]. These systematic
reviews focused on one type of digita health (eg,
telerehabilitation [16,17] or mobile health technology [18,20])
or on one rehabilitation goal (self-management [21]) or only
included populations with knee replacement (KR) surgeries
[16,17,19]. Although systematic reviews are rigorous, they tend
to have anarrow scope because of the focus on evidencerelated
to the effectiveness of interventions [22]. Currently, a
comprehensive overview with a wider focus on the various
digital health technologies used for the management of KOA
islacking in the literature. Such areview is needed to identify
what has been accomplished in the field of digital health, thus
allowing researchers and clinicians to build on previously
published research. Thus, the objective of this narrative review
wasto summarizethe current state of digital healthin KOA and
provide an overview of the cost-effectiveness and patient and
clinician perspectives related to digital health in these
populations.

https://rehab.jmir.org/2022/2/€33489

A literature search was conducted in 2 databases, PubMed and
Embase, in October 2018, November 2019, and February 2021.
The keywords used for the search at all 3 time points were as
follows: (mobile health OR mobile phone OR smartphone OR
mobile application OR mobiletechnology OR ehealth OR text
message* OR mhealth OR internet OR web based OR social
media OR Facebook OR YouTube OR Twitter) AND
(osteoarthritis OR TKA OR total knee arthroplasty OR total
knee replacement).

Theinclusion criteriawere (1) original studies published inthe
English language, (2) studies published in the past 10 years,
and (3) technologies used for rehabilitation of KOA or KR.
Studies that investigated the use of technology for diagnosis,
decision aid, informed consent, or movement assessmentswere
excluded from thisreview. Furthermore, duplicates, conference
abstracts, protocol papers, and previously published reviews,
including systematic reviews, were excluded. One of the
researchers (NS) initially screened the titles of the studies in
the search results against the aforementioned inclusion and
exclusion criteria, removing studies that were not relevant to
the review. The remaining studies were reviewved by 3
researchers (NS, KEC, and DK) who read the abstracts of each
study to determine whether they should be included in the
review. For the included studies, one of the authors (NS)
extracted pertinent information as applicable, including
objective, design, intervention characteristics, outcomes and
findings, and limitations. After reviewing this information, we
grouped the studies based on the applications of digital health
to organize this review for the readers. We grouped the studies
into digital health for delivering patient education, physical
activity, exercise (asynchronous and synchronous exercise
delivery), and psychological treatments such as cognitive
behavioral therapy (CBT) or pain coping skillstraining (PCST)
in the KOA and KR populations. We also discuss the findings
related to cost-effectiveness and patient and clinician
perspectives on digital health.

Results

After acareful review process, 91 studieswereincluded in this
review (Figure 1). Of the 91 studiesincluded in thisreview, 60
(66%) were from KOA populations and 31 (34%) were from
KR populations.
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Figure 1. Flow diagram of the search process.
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Initial search (November 1, 2018)
Pubmed=268
Embase=195

Pubmed=75
Embase=70

Pubmed=139
Embase=351

Updated search (November 13, 2019)

Updated search (February 26, 2021)

Excluded duplicate
studies, systematic

Papers included in the
review=91

!

Knee osteoarthritis=60/91 (66%)
Knee replacement=31/91 (34%)

Digital Health for Patient Education

Overview

This section includes interventions that delivered patient
education to individuals with KOA or KR to improve
discase-related knowledge and symptoms related to
osteoarthritis. We defined patient education as information on

https://rehab.jmir.org/2022/2/€33489

RenderX

- reviews, protocols,
conference abstracts,
and brief reports=1008

a health condition, its treatment, and related self-management
techniques [7]. This section also includes studies that have
investigated the educational quality of content on
osteoarthritis-related websites or videos on YouTube. Although
abrief overview of the studiesincluded in this section is shown
in Table 1, adetailed description of the studies and features of
technology used in the studies included in this section is
presented in Table S1 in Multimedia Appendix 1 [23-35].
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Table 1. Digital health for patient education in people with KOA? and KRP.

Shah et a

Study Population Design Intervention Comparator Primary outcome
findings
Description Sample size Description Sample size
Brosseaueta Self-reported os-  Pre or post Socia media 41 Nn/Ad N/A Improvementsin
[28] teoarthritis or (Facebook) disease-related
RAC knowledge from
baseline

Umapathy et Kneeor hipos-  Preor post Accesstoweb- 104 Accessto 91 Significant im-

a [24] teoarthritis site-based educa- website-based provementsinthe
tion and use of education but Osteoarthritis
the website no use of the Quiality Indicator

website measures for
users of the web-
site vs no signifi-
cant improve-
ment for
nonusers

Timmerseta Kneepain RCT® Phoneapp provid- 91 Information 122 Disesse-related

[23] ing daily patient offered during knowledge was
education medical con- 52% higher inthe

sultation intervention
group

Wang et al Kneeor hiposs  Quasi-experimen- Usersof theup- 35 Nonusers 87 No significant

[25] teoarthritis tal study dated version of differencein the
My Joint Pain for Health Evalua-
education tion Impact

Questionnaire
scores between
users and
nonusers of the
website

Fraval et a Presurgery (KR RCT Websitetdiscuss 103 Discussion 108 Improvementsin

[26] or HRf) sionwith surgeon with surgeon disease-related

knowledge but
not anxiety
scoresintheinter-
vention vs com-
parator

Campbell etal Postsurgery (KR RCT SMStextmessag- 76 Traditional ed- 83 Improvementsin

[27] or HR) ing bot+tradition- ucation exercise adher-
al education encein theinter-

vention vs com-
parator

Timmerseta Postsurgery (KR) RCT Phonesppprovid- 114 Phone app 99 Theintervention

[35] ing specific edu- providing group had im-
cation at specific standard edu- provementsin
times from date cation biweek- pain on NRSY at
of discharge ly rest, at night, and

during activity vs
the comparator at
4 weeksafter dis-
charge

Meldrumeta Kneepan Qualitative content Comments on 3537 (comments)  N/A N/A Commentsinclud-

[29] analysis videosrelatedto  and 58 (videos) ed soliciting ad-
knee pain on vicefor kneepain
YouTube (19%), apprecia-

tion for others’
inputs (17%), and
asking questions
regarding videos
(15%)

https://rehab.jmir.org/2022/2/€33489

RenderX

JMIR Rehabil Assist Technol 2022 | vol. 9| iss. 2 |€33489 | p.85
(page number not for citation purposes)


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

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Shah et a

Study Population Design Intervention Comparator Primary outcome
findings
Description Sample size Description Sample size
Barrow etal  Osteoarthritis Cross-sectional Websites provid- 50 N/A N/A 68% of the web-
[30] survey ing educational sites scored more
content for pa- than half of the
tients with os- maximum avail-
teoarthritis able quality
score
Murray etal  Osteoarthritis Readability and Websitesonos- 37 N/A N/A Readability
[32] quality assessment  teoarthritis ranged from 8th-
to 12th-grade
reading level, and
the quality of
web-based os-
teoarthritis infor-
mation was rated
as “poor” to
“fair”
Chapmanet  Osteoarthritis Nonexperimental, Websiteson self- 49 N/A N/A Reading grade
a [31] descriptive, inter-  management in levels ranged
net-based study knee, hip, hand from 6 to 15
osteoarthritis
Wong et d Osteoarthritis Quality assessment  Videoson KOA 56 N/A N/A Approximately
[34] and KR on 65% of videos
YouTube had poor educa-
tional quality,
30% had accept-
able educational
quality, and
<10% had good
educational quali-
ty
Bahadori etal KR Readability assess- Informationon 15 N/A N/A Only oneapp was
[33] ment KR apps found to be“easy
to read”

3 OA: knee osteoarthritis.

PKR: knee replacement.

°RA: rheumatoid arthritis.

IN/A: not applicable.

®RCT: randomized controlled trial.
"HR: hip replacement.

INRS: Numeric Pain Rating Scale.

Patient Education for People With KOA: Facebook,
Mobile App, and Website

Approximately 2% (2/91) of studies, one single-arm study and
a randomized controlled trial (RCT), found significant
improvementsin disease-related knowledge in people with KOA
with the use of a Facebook group page (People getting a grip
on arthritis I1) [28] and with a mobile app (Patient Journey
App) compared with education via medical consultation [23].
In contrast, health education via an open-access website (My
Joint Pain) [24,25] did not result in significant improvements
in health education outcomes such as the Health Evaluation
Impact Questionnaire and the Osteoarthritis Quality Indicator,
even with the updated version of the website [25]. Although
these findings might suggest that osteoarthritis education via
an open-accesswebsite[24,25] does not improve disease-related
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knowledge compared with amobile app [ 23] or Facebook group
page [28], it is important to consider that assessment of
disease-related knowledge with the open-access website was
done much later (12 and 24 months) than assessments of
disease-related knowledge with the mobile app (7 days) and
Facebook group page (3 months) [23-25,28]. Second, the studies
with open-access websites reported higher attrition rates than
the studies with mobile apps and Facebook group pages (29%
and 30% vs 22% and 16%) [23-25,28]. Furthermore, although
the open-access website My Joint Pain [24,25] alowed users
to access the website at their convenience, both the mobile app
[23] and Facebook group page [28] interventions improved
engagement with push notifications and reminders. Notably,
the mobile app also included features such asweb-based quizzes
[24], and the Facebook group page [28] incorporated peer
support by alowing users to comment on and share their
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experiences with the health education videos. Collectively, this
evidence suggests that digital patient education (mobile apps
and Facebook group pages) improves disease-rel ated knowledge
at shorter follow-up periods and that it might be helpful to
include features such as feedback, push notifications, and
remindersin adigital intervention for people with KOA.

Patient Education for People With KR: Website, Text
Messaging, and Mobile Apps

Fraval et a [26] reported greater improvements in knowledge
(regarding orthopedic surgery) in people who received
website-based disease-related education along with a surgical
consultation than in people who received the surgical
consultation alone. Similarly, those who received (automated)
encouraging SMS text messages and personalized video
messages from their surgeons regarding recovery along with
traditional perioperative education spent moretime participating
in home exercises than participants who only received
perioperative education (mean difference 8.6 minutes; P<.001)
[27]. In terms of postoperative pain, Timmers et a [35] found
statistically  significant  but clinically nonsignificant,
improvements in pain outcomes in people who used a mobile
app delivering specific information related to the individual's
recovery compared with peoplewho received basic unstructured
information biweekly through the app [35]. Timmers et al [35]
also found that using push notifications to alert users of new
information resulted in the increased use of the app by the user
(26 times per user). Overall, these studies suggest that education
via different digital modes (ie, websites, SM S text messages,
or mobile apps) improves surgery-related knowledge, time spent
performing exercises, and pain outcomesin people undergoing
KR. Moreover, similar to populations with KOA, it might be
beneficial to include features such as push notifications to
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improve engagement in digital interventions for individuals
with KR.

Educational Quality of Web-Based | nformation on KOA
or KR: Websites, Mobile Apps, and YouTube Videos

For KOA, information on websites was investigated. Although
the educational quality of information related to KOA has
improved recently, there is still poor readability, substantial
variability, and inconsistencies in the information available on
websites [29-32]. For KR, the information on mobile apps was
investigated; however, no app that provided information related
to KR met the recommended readability levels (the one app that
wasfound easy to read provided information on hip replacement
surgeries) [33]. Similar to websites and mobile apps, the
educational quality of information related to KOA and KR on
YouTube has also been found to be of poor quality [34]. Despite
issueswith educational quality, analysis of the comments section
on YouTube videos on knee pain management revealed that
people with knee pain were comfortable sharing experiences
and seeking advice on knee pain from other peopleon YouTube
[29]. Therefore, although peer support via digital health can
serve as a useful and informative tool for patients, the current
educational and readability quality of osteoarthritis-related
information needs improvement.

Digital Health for Physical Activity I nterventions

Overview

This section includesinterventionsthat were delivered with the
purpose of improving physical activity (ie, step count, mobility,
and time spent inactive in people with KOA; Table 2). A
detailed description of the studies and technology used in the
papers in this section is shown in Table S2 in Multimedia
Appendix 1[36-41].
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Table 2. Digital health for PA? interventions in people with knee osteoarthritis.

Study Population Design Intervention Comparator or comparators Primary outcome
findings
Description Sample size Description Sample size
Bossen et al Kneeor hipos-  Preor post Join2Move (fully 20 N/AP N/A Noimprovements
[38] teoarthritis automated web- in PA or self-per-
based PA program) ceived effect
Lietal [41] Kneeosteoarthri- pc1c Group in-person 17 Sameinterven- 17 Greater improve-
tis education+ activity tion delayed by ment in moderate
monitor+ tele- 1 month tovigorousPA in
phone counseling the intervention
VS comparator
Skrepnik etd  Kneeosteoarthri- RCT Hyaluronicacidin- 107 Hyaluronicacid 104 Improvementsin
[36] tistreated with jection+unblinded injection+blind- mobility in the
Hylan G-F 20 activity monitor ed activity mon- intervention vs
phone app itor comparator
Bartholdy etal Kneeosteoarthri- RCT Motivational SMS 19 No treatment 19 No difference be-
[37] tis text messaging re- tween groups for
lated to PA time spent physi-
caly inactive
Zadavsky et Osteoarthritis Pre or post Activity monitor, 24 N/AP N/A Improvementsin
al [39] motivational SMS sleep but not PA
text messaging, from baseline
telephone coach-
ing, and phone app
for feedback
Alleneta Kneeor hipos-  Preor post PA screening, 67 N/AP N/A No differencein
[40Q] teoarthritis coaching phone improvement in
calls, emails, and minutes of moder-
phone follow-up ate to vigorous
PA

8PA: physical activity.
ON/A: not applicable.
°RCT: randomized controlled trial.

Digital Health for Physical Activity in People With KOA:
Mobile App, Text Messaging, Multi-Technology, and
Website

Digital physical activity interventions for people with KOA
weredelivered viawebsite programs (1/91, 1%), telephone calls
or SM Stext messaging (1/91, 1%), mobile appswith or without
activity monitors (1/91, 1%), or a combination of these
technologies (3/91, 3%). Although 4% (4/91) of these
interventionswere sdlf-directed or self-paced [36-39], 2% (2/91)
of physical activity interventionsincluded callswith a personal
coach [40] and physical therapist [41] for individualized goal
setting.

In an RCT, Skrepnik et a [36] reported greater improvements
in daily step counts in adults with KOA after 90 days of using
an activity monitor with visible feedback and accessto amobile
app (OA GO) than in those who used ablinded activity monitor,
despite regular follow-ups with care providers for both groups.
The mobile app OA GO in this study provided motivational
SM S text messages (on pain and mood monitoring) along with
feedback, progress reports, and monthly trends related to
physical activity from the activity monitor [36]. However, when
SM S text messages related to generic physical activity advice
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were given to people with KOA, the improvementsin physical
activity and the time spent inactive were nonsignificant
compared with those who received no treatment [38]. The
findings of these studies indicated that visible biofeedback and
user-rel evant content with motivational interviewing principles
might be more effective in improving physical activity than
general physical activity advice. Thesefindingswere confirmed
by Li et a [41] in a delayed-control design, preliminary RCT,
where an initial in-person education session, activity monitor,
and weekly telephone coaching provided by physical therapy
(PT) weresuccessful inimproving physical activity and reducing
sedentary behavior in people with KOA, suggesting that a
blended format (a combination of in-person and digital) might
also be beneficial for favorable results. However, when a
single-arm pilot study used a mobile app for biofeedback from
an activity monitor, personalized weekly SM'S text messages,
and motivational interviewing via 3 phone calls, they found no
significant improvement in the overall step counts at 14 or 19
weeks [39]. As the participants in the study discussed valuing
the person-specific messages during the exit interviews, the
authors speculated that the nonsignificant findings might be
related to the insufficient frequency of SMS text messages
(weekly) during the study [39].
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Similar nonsignificant improvements in physical activity were
reported in 2% (2/91) of single-arm pilot studies that used a
website (Join2Move) and a multi-technology web-based
intervention (osteoarthritis physical care pathway). Thewebsite
(Join2Move) was self-paced, fully automated, and provided
weekly physical activity assignments based on the goals and a
self-test of recreational activities selected by the user [38]. The
use of a self-directed intervention (Join2Move) with minimum
personal contact resulted in ahigh attrition rate, with only 55%
of participants completing at least 75% of the program,
potentially resulting in nonsignificant improvementsin physical
activity [38]. In contrast, the osteoarthritis physical care pathway
intervention used the website and telephone calls for 4 phases
(ie, physical activity screening, brief coaching calls for goal
setting based on motivational interviewing principles, access
to community and local resources to support physical activity,
and follow-up coaching calls) [40]. Although this intervention
included person-specific information using motivational
interviewing, it did not include visible biofeedback or physical
activity self-monitoring, which might have resulted in
nonsignificant results. Interestingly, athough 5% (5/91) of
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studiesin this section found no significant changes in physical
activity [36-40], 2% (2/91) of studies observed statistically
significant but clinically nonsignificant improvements in
secondary outcome measures of deep [39] and pain and function
subscales on the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) [40].

Digital Health for Physical Activity in People With Knee
KR

No studiesinvestigating physical activity interventionsin people
with KR were identified.

Digital Health for Exercise Interventions

Overview

Exercise remains the most effective nonpharmacologic
intervention for KOA [7,9]. This section includesinterventions
that delivered exercises (ie, astructured program for the purpose
of improving osteoarthritis-related symptoms) to people with
KOA and KR (Table 3). A detailed description of the studies
and technology used in the studies in this section is shown in
Table S3in Multimedia Appendix 1 [6,42-53].
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Table 3. Self-directed or asynchronous digital exercise interventions.

Shah et a

Study Population Design Intervention Comparator or comparators Primary outcome
findings
Description Sample size Description Sample size
Dahlbergeta Kneeor hiposs  Preor post Joint Academy 53 N/AP N/A 68% (16/53) of
[44] teoarthritis (website with responders de-
videos on educa- fined by individu-
tion and exercise al improvement
and asynchronous of >1.5 on the
chat support from NRSE pain score
P9
Neroeta [45] Kneeor hiposs  Observational Joint Academy 350 Publisheddata __d Significant im-
teoarthritis and quasi-experi- (website with from in-per- provementsin
mental videos on educa- son PT NRS pain score
tion and exercise or function on
and asynchronous 30-second chair
chat support from stand test
PT)
Alleneta Kneeosteoarthri- pcte IBET (website 140 In-person 140 (in-per-  Nodifference be-
[52] tis with tailored exer- PT and wait-  son) and 70 tween groups for
cise, exercise list control (waitlist) improvementsin
videos, automated WOMACY score
reminders, and
progresstracking)
Pignatoetal  Kneeosteoarthri- Secondary analy- Website 124 In-person PT 135 More PT visits
[43] tis sisfrom an RCT resulted in
[52] greater improve-
ment in WOM-
AC scores
Nelliganetal Kneeosteoarthri- Participantsand My Knee Exercise 103 AccesstoMy 103 Greater improve-
[42] tis assessorshlinded websitewith educa- KneeExercise ments in overall
RCT tion+prescription website with knee pain and
for a24-week knee education+au- WOMAC func-
strengthening regi- tomated SMS tion in the inter-
men+ automated text messages vention vs com-
personalized SMS without specif- parator
text messages icinformation
on exercises
Dahlbergeta Kneeor hiposs  Longitudinal co- Joint Academy 499 N/A N/A Improvement in
[6] teoarthritis hort study website with monthly NRS
videos on educa- pain score and
tion and exercise physical function
and asynchronous on 30-second
chat support from chair stand test at
PT week 12
Gohir et a Kneeosteoarthri- RCT Joint Academy 48 Usual carede- 57 Greater improve-
[53] tis website livered by a mentsin NRS
genera practi- pain scorein the
tioner or phys- intervention vs
ical therapist comparator at 6
weeks
Piqueraseta pog-kR" RCT Asynchronous 90 In-person PT 91 No differencein
[51] platformwithiner- knee flexion and

tial sensorsto mea-
sure movement,
avatar-based exer-
cise, and web por-
tal for PT

extension after
the intervention
between groups
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Study Population Design Intervention Comparator or comparators Primary outcome
findings
Description Sample size Description Sample size
Bini et al [50] Post-KR RCT Phone app with 14 In-person out- 15 No difference be-
videos prescribed patient PT tween groups for
by PT VAS, Veterans
RAND 12-item
health survey
mental compo-
nent and physical
component
scores, and
Koos
Chughtai eta Pre-KR Preor post study Mobileapp “Pre- 114 Nonusers 362 Shorter length of
[46] Hab” with prehabil- stay in the hospi-
itation program be- tal and more fa-
fore TKAK vorabledischarge
disposition status
in those who used
the app
Fleischmanet Post-KR Randomizednon- Inpatient PT until 96 Inpatient PT 96 (inpatient) No differencein
al [49] inferiority trial hospital dis- until hospital  and 97 (in-per-  change in knee
charge+web-based dis- son) flexion in inter-
unsupervised PT charge+print- vention and com-
with patient moni- ed PT manual parator at 4-6
toring and commu- and in-person weeks or 6-
nication portal PT months postop
Klementetal Post-KR Retrospectivein-  Web-based self-di- 296 In-Person 101 Greater differ-
[48] tervention rected PT—auto- PT+web- enceinkneeflex-
mated emails with based self-di- ion, SF-12' physi-
exercises rected PT cal scores, and
KOOS pain but
not knee exten-
sion or SF-12

mental scoresin
the intervention

VS comparator
Ramkumar et Pre-KR Pre or post Kneedeevewith 25 N/A N/A Improvementsin
a [47] inertial sen- mobility but not
sors+phone app knee flexion or

KOOS scores at
3 months after
operation

8PT: physical therapy.

ON/A: not applicable.

°NRS: Numeric Pain Rating Scale.

dNot available.

€RCT: randomized controlled trial.

fIBET: Internet-Based Exercise Therapy.

9WOMAC: Western Ontario and McMaster Universities Osteoarthritis Index.

PKR: knee replacement.

'VAS: Visua Analog Scale.

JKOOS: Knee Osteoarthritis Outcome Score.

KTKA: total knee arthroplasty.

ISF-12: Short Form-12.
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Sdf-directed and Asynchronous Digital Exercise

I nterventionsfor People With KOA: Websitesand Maobile
App

This section includes exercise interventions that were not
delivered by a physical therapist in real time. Specifically, the
interventions that were self-directed or monitored through
asynchronous communication with a physical therapist
(communication portal or chat feature on awebsite: 4/91, 4%;
videos uploaded on amobile app: 1/91, 1%) areincluded inthis
section.

In a parallel superiority RCT, Nelligan et a [41] found that
people with KOA who received additional strength training,
personalized SMS text messages, and guidance to improve
physical activity along with disease-related education (My Knee
Exercise website) showed greater improvementsin pain on the
Numeric Pain Rating Scale and function on the WOMAC than
peoplewho only received accessto the disease-related education
on the website (My Knee Education). Moreover, the
within-group improvementsin pain on the Numeric Pain Rating
Scale and function on the WOMAC in the My Knee Exercise
group had large effect sizes and exceeded the minimal clinically
important difference (MCID) in the study [54,42]. In another
RCT, Allen et a [40,52] (Physicad Therapy versus
Internet-Based Exercise Training [PATH-IN] trial) compared
an unsupervised website exercise program called I nternet-Based
Exercise Therapy (IBET) with in-person PT and waitlist
controls. Interestingly, the study found that IBET was
noninferior to in-person PT in improvements on the WOMAC
and that both IBET and in-person PT were not superior to the
waitlist at the 4 or 12 months follow-up [52]. However, the
within-group improvements in al 3 groups were above the
minimal clinically important changes (>1.33 points) [55] at 4
and 12 months but had small effect sizes [52]. Notably, IBET
[52] had more features and flexibility (tailored exercise videos,
exercise progressions, automated reminders, and progress
tracking) than My Knee Exercise (education, a prescription for
24-week strengthening exercises, and personalized SMS text
messages) [42]. The authors of the PATH-IN trial speculated
that greater doses in both intervention groups and greater
engagement in the IBET group may be needed to determine
efficacy. However, secondary analyses from the PATH-IN trial
did not show an association between adherence to IBET and
changes in outcomes, and interestingly, no participant
characteristics were related to adherence to IBET [43].

Approximately 2% (2/91) of single-arm studies investigated a
6-week website program called the Joint Academy, a program
comprising short educational lectures, daily exercise videos,
and asynchronous chats with physical therapists[44,45]. These
studies reported statistically significant but clinically not
significant [54,56,57] improvements in pain [44,45], function
[45], and walking difficulty [45]. Similarly, when amobile app
version of the Joint Academy was used, there were statistically
significant and clinically nonsignificant improvementsin pain
and function at 6 weeks when compared with usua care [53].
However, a longitudinal cohort study used data from a
sdlf-management program registry and found that 72% and 67%
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of participants who used Joint Academy achieved the MCID
for pain [54,57] at longer follow-up periods of 24 and 48 weeks,
respectively, therefore suggesting that longer digital health
interventions may berequired for clinical benefits[6]. Moreover,
given that these digital health interventions were not directly
compared with in-person PT, it is unclear whether they are
superior or similarly effective compared with in-person PT.

Sdf-directed and Asynchronous Digital Exercise
I nterventions for People With KR: Multi-Technology
and Websites

For people undergoing KR, salf-directed exercise interventions
were provided using multi-technology (2/91, 2%) systems
[46,47]. Ramkumar et al [47] used a knee sleeve with inertial
motion sensors and a mobile app, and Chughtai et al [46] used
aweb or phone-based platform with a daily activity checklist,
exerciseinstructions, nutritiona advice, education, mindfulness,
and other components. Both studies reported significant
within-group improvements in mobility, symptoms, length of
hospital stay, and other outcomes with their multi-technology
systems [46,47]. For individuals after KR, 2% (2/91) of RCTs
investigated the use of self-directed website exercise
interventions [48,49]. Fleischman et a [49] found similar
improvements in knee range of motion and self-reported
symptoms on the Knee Osteoarthritis Outcome Score in those
who received the website intervention and in those who received
in-person PT at short (4-6 weeks) and long (6 months) follow-up
periods. Similarly, Klement et a [48] found that 65.9% of
participantswho received their self-directed websiteintervention
did not require in-person PT 2 weeks after the operation. The
improvementswith these websiteinterventions may be because
of their variousfeatures such as weekly exercise programswith
video demonstrations [48,49], patient monitoring [49], and a
communication portal for asynchronous conversation with the
physical therapist [49]. Similarly, telerehabilitation exercise
programsthat all owed communication with aphysical therapist
(telephone) and patient monitoring via asynchronous video
uploads [50] and sensor-based feedback [51] elicited similar
improvements in knee range of motion and self-reported
symptoms as in-person PT at early (10 days) and later (3
months) follow-up periods [50,51]. Taken together,
multi-technology self-directed exercise interventions and
websites that alow biofeedback, patient monitoring or
communication with clinicians have been successful in eliciting
positive outcomes such as range of motion and self-reported
symptomsin people with KR.

Directly Supervised Exercise I nterventions for
Populations With KOA: Blended and Telephone-Based

This section includes exercise interventions that were directly
delivered by a clinician, generally physical therapists, in real
time (Table 4). A detailed description of the studies and the
technology used in the studies in this section is presented in
Table $4 in Multimedia Appendix 1 [58-74]. The exercise
interventions in this section were provided in blended formats
(ie, a combination of in-person PT and digital strategies
[58,59,73] or over the phone) [60,61] or via red-time
videoconferencing software.
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Table 4. Digital health for directly supervised exercise interventions.
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Study Population Design Intervention Comparator or comparators Primary outcome
findings
Description Sample size Description ~ Samplesize
Cuperuseta Generdizedos RcT2 2 in-person group 7 Multidisci- 81 No differencein
[73] teoarthritis sessions+telephone plinary in-per- daily function on
monitoring by a son group in- Health Assess-
nurse tervention led ment Question-
by PT? naire Disability
Index between
groups
Bennell etd  Inactive adults RCT In-person PT+tele- 84 In-person PT 84 Greater improve-
[70] with knee os- phone coaching ments in the
teoarthritis NRS® pain score
and the WOM-
ACfunction in
theintervention
Vs comparator
Kloek et a Kneeor hipos-  Cluster RCT Website+in-person 109 Usua in-per- 99 No difference be-
[59] teoarthritis PT son PT tween groups for
KOOS®, timed up
and go, and sub-
jectiveand objec-
tive physical ac-
tivity
DeVriesetal Kneeorhiposs  Mixed methods Web-based compo-  Quantitativeanaly-  n/af N/A Adherence was
[62] teoarthritis study embedded nent of e-exercise sis=90; quditative highest for partic-
withinan RCT  used by Kloek etad  analysis=10 ipants with mid-
[59] [59] dle education, 1-
to 5-year os-
teoarthritis dura-
tion, and partici-
pants who were
recruited by
physical thera-
pists
Cheneta Kneeosteoarthri- Quasi-experi-  Blended interven- 84 In-person 87 Greater improve-
[58] tis mental study tion: in-person group group health ments for WOM-
PT+home exercises, education ses- AC painandjoint
exercise diary, and sionsandtele- stiffnesson a
telephone check-in phone check- Likert scaeinthe
cals incals intervention vs
comparator
Baker et al Knee osteoarthri-  Single-blind BOOST-TLCY (moti- 92 Monthly auto- 52 No difference be-
[60] tis paralel-arm vational behavior mated phone tween groupsin
RCT change telephone reminder mes- adherence
calls+monthly auto- Sages to exer-
mated phone re- ase
minder messages to
exercise)
Doairon-Cadrin - pra.k R and RCT Real-timevideocon- 12 In-personout- 12 (in-person) High compliance
et a [63] HR ferencing patient PTand and 11 (usual  and satisfaction
usual care care) withthetelepreha
bilitation pro-
gram
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Study Population Design Intervention Comparator or comparators Primary outcome
findings
Description Sample size Description Sample size
Hinmaneta  Kneeosteoarthri- Participantand 5-10 callsfroma 87 >1telephone 88 Improvementsin
[61] tis assessor—blind-  physical therapist for cal froma function but not
ed RCT exercise advice and nurse for self- pain in the inter-
prescription+infor- management vention vs com-
mation folder+exer- advice parator
cise bandstaccessto
website for exercise
videos+=1 call from
anursefor self-man-
agement advice
Lawfordetal Kneeosteoarthri- Exploratory tri- 5-10 callsfrom a 87 N/A N/A Weak association
[71] tis al using data physical therapist for between therapeu-
fromtheinter-  exercise adviceand tic alliance and
ventionarm of  prescription+infor- improvementsin
RCT [61] mation folder+exer- knee pain, self-
cise bands+accessto efficacy, func-
website for exercise tion, quality of
videos+21 call from life, adherence,
anursefor self-man- and physical ac-
agement advice tivity
Russell et al Post-KR RCT Computer-based 31 In-person out- 34 No difference be-
[72] system with real- patient PT tween groups for
time videoconferenc- improvement in
ing, measurement WOMAC scores
toals, and video cap-
ture
Tousignant et Post-KR RCT Custom hardware 24 In-person PT 24 No significant
a [65] with videoconferenc- difference be-
ing and remote-con- tween groups for
trolled cameras knee extension
and WOMAC to-
tal score
Moffet et al Post-KR RCT Custom hardware 104 In-person 101 No differencein
[64] with videoconferenc- home-based WOMAC score
ing and remote-con- PT between groups
trolled cameras
Correiaeta  Post-KR RCT Platform withiner- 30 In-person 29 Greater improve-
[69] tial sensors, phone home-based ment in the inter-
app, and web portal PT vention vs com-
for PT+2 home vis- parator for timed
its and telephone up and go scores
support by PT at 8 weeks
Correiaeta  Post-KR RCT Platform withiner- 30 In-person 29 Greater improve-
[68] tial sensors, phone home-based ment in the inter-
app, and web portal PT vention vs com-
for PT+2 home vis- parator for timed
its and telephone up and go scores
support by PT at 6 months
Bell eta [66] Post-KR Pilot RCT In-person PT+inter- 13 In-person 12 No differencein
ACTION (monitor- PT-+unsuper- vaue (changein
ing remoterehabilita- vised home activities of daily
tion platform with exercise pro- living scale and
portableIMUS +mo- gram total cost) be-
bile app with back tween groups

end clinician portal)
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Study Population Design Intervention Comparator or comparators Primary outcome
findings

Description Sample size Description Sample size

Chughtai et Post-KR Pre or post 3D motion-tracking 18 (TKA) and 139 N/A N/A Improvementsin

[67] cameras, exercise (UKA) Knee Society
avatar, clinician Scores, WOMAC
monitoring, outcome scores, and
reporting, and com- Boston Universi-
munication with a ty Activity Mea-
clinician—TKAK :JretfoE:Post-

| cute Care

and UKA scores

El Ashmawy Post-KRor HR  Retrospective  Remotejointreplace- 1749 N/A N/A 92% response

eta [74] study ment clinic follow- rate, 87% com-
up at 1-year, 7- pleted the out-
years, and every 3- come forms and

yearsafter in-person
consultations at 2
weeks and 6-weeks

radiographs, 7%
required further
in-person gppoint-
ments, and 89%
satisfaction; 1
web-based ap-
pointment cost
£79 (US $99),
with estimated
savings of
£42,644 (US
$53,439.93) per

year™

8RCT: randomized controlled trial.
bpT: physical therapy.
°NRS: Numeric Pain Rating Scale.

HWOMAC: Western Ontario and McMaster Universities Osteoarthritis Index.

€K 00S: The K nee Osteoarthritis Outcome Score.
'N/A: not applicable.

9BOOST-TLC: Boston Overcoming Osteoarthritis through Strength Training Telephone-linked Communication.

PKR: knee replacement.

'HR: hip replacement.

JIMU: inertial motion sensor.

KTKA: total knee arthroplasty.

IUKA: unilateral knee arthroplasty.

MCurrency conversions calculated on May 24, 2022.

Chen et a [58] developed a blended intervention comprising 4
in-person group sessions of health education and exercise and
telephone follow-up, with the remaining sessions at home.
Although the blended intervention of Cuperus et a [73]
comprised 2 in-person group exercise sessions and 4 telephone
callsfrom aspecialized nurse, the blended intervention in Kloek
et a [59] comprised 5 in-person PT and home exercises using
awebsite that provided education along with a graded activity
and exercise. All 3 studiesfound similar improvementsin either
self-reported symptoms or physical activity between those who
received blended interventions and those who received health
education [58] or in-person PT [59,73]. In another RCT, Kloek
et a [59] reported statistically significant and clinically
nonsignificant improvements at 3 and 12 months in physical
function and physical activity with a 3-month blended
intervention (in-person PT sessions+website with incremental
physical activity program, exercise, and education) compared
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RenderX

within-person usual PT. DeVrieset a [62] then used datafrom
the blended intervention arm of this RCT to investigate factors
related to the adherenceto the digital component of the blended
intervention. The authors observed the highest adherence for
participants with middle (vs low or high) education level,
duration of symptoms of 1 to 5 years (vs <1 year or >5 years),
and those recruited by physical therapists [62]. Other factors
positively related to adherence included participants' internet
skills, self-discipline, the execution of the exercise plan and
usability, flexibility, design, added value, and time required for
the digita intervention [62]. Thus, athough blended
interventions may elicit improvements similar to in-person PT,
a number of individual and program-related factors are
associated with adherence to the web-based component of
blended interventions.
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Baker et al [60] developed a2-year telephone-based intervention
comprising the assessment of exercise behavior, goal setting,
counseling, and alerts when exercise adherence lapsed but found
similar improvements in exercise adherence in those who
received the telephone intervention and those who received
automated reminder messages to exercise. Similarly, Hinman
et al [61] found similar improvements in overall knee pain in
those who received tel ephone counseling from both nurses and
PT and in those who received counseling from nurses only.
Despite the nonsignificant improvementsin pain, Hinman et a
[61] found statistically significant but clinically nonsignificant
improvements in function, satisfaction, and adherence to the
telephoneintervention. Lawford et al [ 71] speculated that these
clinical improvements in participants might be associated with
their relationship with PT. However, secondary analysis of the
data revedled only weak associations between therapeutic
aliance and improvements in pain, function, and fear of
movement [71].

Directly Supervised Exercise I nterventions for
Populations With KR: Real-time Videoconferencing,
Multi-Technology, and Telephone-Based

In individuals before and after KR, digital health PT
interventions were mostly investigated as replacements for
traditional in-person PT (Table 4).

Doiron-Cadrin et al [63] found high satisfaction and clinically
meaningful within-group improvements in pain and function
with a 12-week prehabilitation program using real-time
videoconferencing, which were similar to those in people who
received the 12-week prehabilitation programin person. Similar
outcomes between digital and in-person PT interventions have
also been reported in individuals after KR for video-based and
inertial motion sensor—based digital health interventions[63-66].
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However, some outcomes (physical activity, muscle strength,
exercise behavior, climbing stairs, walking, and body pain)
favored in-person PT at longer follow-up periods (2, 4, 12, or
18 months after the intervention) [65,52]. Moreover, better
outcomes with digital health than with in-person PT have been
seen when using multi-technology platforms, with improvements
in pain and function [67-69] above the MCID [55,75] and
persisting even at longer follow-up periods of 3 and 6 months
[68,69]. This suggests that these intensive multi-technology
digital interventions may be more effective than smpler digital
health interventions. These multi-technology platformsincluded
motion-tracking sensors paired with a mobile app for
biofeedback; a website portal to report activity to a therapist
who could modify the exercise program as needed; or
motion-tracking cameras with an avatar for exercise delivery,
outcome reporting, and clinician monitoring [67-69]. Finally,
a retrospective study found a high response rate (92%),
satisfaction (89%), and acceptahility (87%) for aninternet-based
rehabilitation follow-up [74]. However, thelack of comparison
with in-person follow-up limits the conclusions on the efficacy
of internet-based follow-ups in this population.

Digital Health for Psychological I nterventions for
Chronic Pain M anagement

Overview

In addition to patient education and exercise, there is growing
evidence showing the efficacy of behavioral interventions such
as CBT and PCST for the management of chronic pain because
of KOA [7,9]. This section includes digita interventions that
incorporated such psychological treatments (Table5). A detailed
description of the studies and the technology used in the studies
isshown in Table S5 in Multimedia Appendix 1 [76-87].
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Table5. Digital health for psychological interventions.
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Study Population Design Intervention Comparator or comparators Primary outcome
findings
Description Sample size Description Sample size
Nevedal et Chronic pain, in- Preor postde- Commercidly avail- 645 None N/AR Improvementsin
[80] cluding os- sign able web-based pro- painintensity and
teoarthritis gram pain unpleasant-
nesson a0- to
10-point Likert
scale
Rini et a Hiporkneeos Rctb PainCoach (internet- 58 Nointerven- 55 Significant im-
[79] teoarthritis based PCST®) tion provementsin
pain on the
Arthritis Impact
Measurement
Scale 2
Bennell eta  Chronic knee RCT Websitefor education 74 Website for 74 No differencein
[76] pain and PCST program education improvements
and videoconferenc- between groups
ing for exercisesdeliv- for the NRSE pain
ered by prd score and the
WOMAC' func-
tion a 6 months
Lawfordet  Chronic knee Exploratory Websitefor education 74 Website for 74 Greater improve-
a [85] pain analysesfrom  and PCST program education ments for the
an RCT and videoconferenc- NRS pain score
ing for exercisesdeliv- in employed peo-
ered by PT plein the inter-
vention vs em-
ployed peoplein
the comparator;
greater NRS pain
improvementsin
people who had
higher self-effica-
cy
Mecklen- Chronic knee RCT Inertial movement 101 Digitally deliv- 61 Greater improve-
burg et al pain sensors and tablet ered patient ments for the
[77] computer with an app education Koogh pain and
that includes an exer- functioninthein-
ciseplan, CBTY, tervention vs
weight loss, personal comparator
coach, and peer sup-
port
O'Mooreet Kneeosteoarthri- RCT Internet-based CBT 44 Usual treat- 25 Improvementsin
a [78] tiswith magjor de- program)-+usual treat- ment intervention for
pressivedisorder ment depression and
psychological
distress
Stomeetal  Osteoarthritis Pre or post 12-week goal 12 N/A N/A Highlevelsof ac-
[81] achievement program ceptability, utili-
using behavior change ty, and usability

app Vett (personalized
goals+2-3 correspond-
ing weekly tasksdecid-
ed during anin-person
consultation with
physician+self-moni-
toring+cues and re-
minders+individual
feedback and commu-
nication with an as-
signed mentor)
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Study Population Design Intervention Comparator or comparators Primary outcome
findings
Description Sample size Description Sample size
Bennell eta  Kneeosteoarthri- 2-group superi- 24-week behavior 56 No SMStext 54 Greater improve-
[82] tisand obesity ority RCT change, theory-in- messaging mentsin exercise
(TARGET tri-  formed, automated, adherence on the
a) SMSS text messaging Exercise Adher-
interventions that ad- enceRating Scale
dress barriersto and in the interven-
facilitators of adher- tion vs compara-
ence tor
Dharmasri et African Ameri- ~ Mixed methods sTAART! trial: 11- 93 N/A N/A Participants
al [83] canswith os- RCT: datafrom  gecqion, telephone- found the pro-
teoarthritis theintervention pased PCST program gram helpful and
amof thetria  gajvered by coun- described thefol-
selors+ handouts+au- lowing themes:
dio recording for pro- improved pain
gressive musclerelax- coping, mood and
ation emotional bene-
fits, improved
physical function-
ing, and experi-
ences related to
intervention deliv-
ey
Pronketa  pog.KR Unblinded RCT  PainCoach app that 38 Sameadvice 33 No difference be-
[87] gave advice on pain as PainCoach tween groupsin
medication use, exer- givenin usual improvementsin
ciseor rest, and when care pain at rest, dur-
tocal theclinicin re- ing activity, or at
sponse to a patient’s night
input of pain experi-
enced
Buvanen- Pre-KR RCT 8-week telehealth 30 (8 weeks) and 4-weekin-per- 15(4week) and Improvementsin
draneta CBT and4-week tele- 20 (4 weeks) sonCBT and 15 (no CBT) PCST but not
[86] health CBT no CBT WOMAC pain
scoresintheinter-
vention vs com-
parator
McCurry et Moderatetose- RCT Telephone-based 8- 136 Educationre- 146 Improvement on
a [84] vere ogteoarthritis week CBT for insom- lated to living Insomnia Severi-
and insomnia nia+daily sleep di- with chronic ty Index inthein-
ariestdeep hygiene osteoarthritis tervention vs
education+cognitive comparator

strategies

8N/A: not applicable.

BRCT: randomized controlled trial.
®PCST: pain coping skillstraining.
dpT: physical therapy.

®NRS: Numeric Pain Rating Scale.
"WOMAC: Western Ontario and McMaster Universities Osteoarthritis Index.
9CBT: cognitive behavioral therapy.

PK0OS: K nee Ostevarthritis Outcome Score.

ISTAART: Skills Traini ng for African Americans with Osteoarthritis study
JKR: knee replacement.

Digital Health for Psychological | nterventions for
Populations With KOA: Websites, Mobile App, Text
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Messaging, Multi-Technology, Telephone-Based, and
Real-time Videoconferencing

These technologies (website: 3/91, 3%; telephone: 1/91, 1%;
SM Stext messages: 1/91, 1%; mobile apps 1/91, 1%; real-time
videoconferencing: 1/91, 1%) typically included features such
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as easy-to-use interfaces, tailored goal-setting and daily
assignments, education, behavioral coaching by animated
characters or by counselors, reminders, activity and sleep logs,
wearable sensors for tracking movement, and communication
with clinicians. Although the content of these interventions
varied, overal, al studiesthat included CBT or PCST showed
statistically and clinically meaningful small to medium
improvements in knee pain, as reported by MCID and effect
sizes, with a digital health intervention [76-84]. Furthermore,
in people with KOA who aso met the criteria for major
depressive disorder, web-based CBT (6 web-based lessons,
regular homework assignments, access to supplementary
sources, and contact with clinical psychologists if scores on
self-reported outcome measures deteriorated significantly) along
with usual treatment was found to be more effective than usual
treatment alone in improving depression symptoms and
psychological health, in addition to improving pain, function,
and self-efficacy [78]. Similarly, in people with KOA who aso
had insomnia, an 8-week telephone-based CBT intervention
comprising six 20- to 30-minute telephone calls, sleep hygiene
education, and techniquesto reduce hyperarousal and nonsleep
activities in bed at night improved insomnia, pain, and fatigue
immediately after treatment, which were sustained at the
12-month follow-up [84]. However, theseimprovementsin pain
did not reach clinical significance[84]. Despite these promising
results, none of these studies compared digital interventions
alonewith in-person interventions; hence, it isnot clear whether
digital interventions for chronic pain management are
noninferior or superior to in-person interventionsin peoplewith
KOA. In addition, in an exploratory study, employment and
sel f-efficacy—but not age, education, expectation of outcome,
BMI, or pain catastrophizing—appeared to moderate the effects
of a 3-month digital health program on pain [85], suggesting
that these factors may be considered when assessing the
effectiveness of these interventions.

Digital Health for Psychological | nterventions for
Populations With KR: Mobile App, Telephone, and
Real-time Videoconferencing

Psychological treatment such as a 4-week telehealth CBT for
people with high pain catastrophizing scores undergoing KR
showed moderate improvements in psychological health (pain
catastrophizing scores), which did not translate to clinical
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improvements in pain [86]. In contrast, an unblinded RCT
investigated a digital health intervention PainCoach, which
coached or provided advice to the patient on what to do in
responseto the patient’sinput of pain and showed astatistically
significant reduction in opiate use but nonsignificant
improvementsin pain compared with usual care[87]. However,
given the preliminary nature of these studies and the limited
number of studies in KR populations, definitive conclusions
regarding the efficacy of psychological interventions delivered
by digital health in KR populations cannot be made.

Cost-effectiveness of Digital Health

Another important component in understanding the utility of
digita health in KOA or KR is the relative costs of these
programs. A detailed description of the studiesincluded in this
section is provided in Table S6 of Multimedia Appendix 1
[74,88-93].

Cost-effectiveness of Digital Health I nterventions for
People With KOA

We identified 2% (2/91) of studies that explicitly focused on
cost-effectiveness analyses of digital health interventions for
KOA (Table 6). These studies used data from clinical trias
described previously in this review. Kloek et al [92] reported
that a 12-week blended intervention for patients with hip
osteoarthritis or KOA comprising 5 in-person PT sessions and
a website program with education, exercise, and a graded
activity module had lower intervention and medication costs
but similar societal and health care costs than in-person PT. It
should be noted that similar improvements were seen in both
groups, despite the participants in the digital arm receiving 7
fewer sessions on average than those in the in-person arm [92].
In contrast, Cuperus et al [88] reported that a multidisciplinary
in-person intervention to improve self-management skills was
dlightly more cost-effective than ablended intervention of 2 PT
group sessions and 4 telephone calls (€387 [US $483.62] vs
€252 [US $314.92], respectively) in patients with generalized
osteoarthritis. Given the differences in study design (eg,
populations, components of digital interventions, and
comparators) and the overall lack of research in thisarea, it is
challenging to draw any conclusions regarding the
cost-effectiveness of digital health interventionsfor people with
KOA.
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Table 6. Cost-effectiveness of digital health.
Study Population Design Intervention Comparator or comparators Findings
Description Sample size Description Sample size
Cuperuseta  Generalizedos RcT2 2 in-person group 72 Multidisci- 75 No differencein
[88] teoarthritis sessionst+tel ephone plinary in-per- quality-adjusted
monitoring by nurse son group in- life years and to-
tervention led tal societal costs
by PTP
Kloek et a Kneeor hiposs RCT Websitetin-person 108 Usual in-per- 99 Lower interven-
[92] teoarthritis PT son PT tion costs and
medication costs
for intervention
Vs comparator
but no difference
in total societal
and health care
costs
Marsh et a Post-K RS or RCT Web-based platform 118 Usual protocol 111 Lower costs for
[89,90] HRY to schedule patient to schedule intervention vs
visits visits comparator
Tousignant et Post-KR RCT Custom hardware 97 In-person 100 Lower costs for
a [91] with videoconferenc- home-based intervention vs
ing and remote-con- PT comparator
trolled cameras
Fusco et a Post-KR Markov deci- 10 videoconferenc- __e 20in-person — High probability
[93] sion modeling  ing sessions and 10 PT sessions of theinterven-
in-person PT ses- tion group being
sions cost-effective,
particularly when
transportation
was included
El Ashmawy Post-KR or HR Retrospective  Remotejointreplace- 1749 N/Af N/A Estimated saving
etd [74] study ment clinic follow- of £42,644 (US
up at 1-year, 7- $53,439.93) per
years, and every 3- year with inter-
years after in-person vention

consultations at 2
weeks and 6-weeks

8RCT: randomized controlled trial.
bpT: physical therapy.

%K R: knee replacement.

IHR: hip replacement.

®Not available.

N/A: not applicable.

Cost-effectiveness of Digital Health | nterventions for
People With KR

For people after KR, 5% (5/91) of studies suggested that digital
health reduces patient and societal costs[74,89-91,93,94]. Marsh
et a [89] evaluated the costs of a web-based follow-up,
comprising web-based questionnaires following x-rays, email
reminders, and alerts to schedule in-person appointments if
necessary, and reported that after 1 year from surgery, digital
health was more cost-effective than in-person follow-up after
KR because of reduced travel and associated costs [90] and
from a societal and health care perspective. Similarly, El
Ashmawy et al [74] reported that remote follow-ups at longer
postoperative periods (after a 1-year postoperative period) were
more cost-effective than in-person follow-ups. Furthermore,

https://rehab.jmir.org/2022/2/€33489

2% (2/91) of studies compared videoconferencing with or
without in-person PT with in-person PT and reported that
telerehabilitation was cost-effective when transportation costs
wereincludedintheanalysis[91,93]. Inindividualsbefore KR,
a mobile app—based prehabilitation intervention that provided
individualized exercises, progressions, and daily pain monitoring
was more cost-effective than no prehabilitation as the
prehabilitation program reduced the length of hospital stay (7.6
vs 11.9 days) and consequently reduced hospital costs [94].
However, in this case, the reduced costs could be attributed to
prehabilitation and not necessarily to digital health.
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Patient and Clinician Per spectives on Digital Health

Patients' Perspectives on Digital Health

To determine the potential of digital heath for KOA, an
understanding of the patient and clinician perspectives on these
technologies is needed. Several studies have reported patient
and clinician perspectives on a variety of digita heath
interventions (Table 7).

Overall, patientswith KOA had positive experienceswith digital
health technol ogies. Some of the key benefits noted by patients

included anonymity, accessibility, convenience, tailored
interventions, reduced travel costs, feedback and

self-monitoring, progressreports, and enhanced patient-provider
relationships [95-105]. Phone-based interventions were found
to be acceptable and were valued for the undivided focus and
communication from physical therapists [96-98]. However,
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some patientswho lacked confidencein their exercise technique
wanted some form of visual supervision (videoconferencing)
to beincorporated into their exerciseintervention [97]. Although
people with KOA had positive views about digital health
technologies, they also discussed some concerns related to
navigating these technologies. These concernstypicaly included
challenges with the user interface, dislike for repetitive
reminders and texts, lack of variation in exercises,
accommodation for comorbidities (eg, decreased motor
coordination and visual and hearing impairments), privacy and
security, preference for customized notification, need for
technological support, willingnessto pay, and lack of in-person
contact with clinicians[81,96,98-104,106]. Despite this, people
with KOA werewilling to use adigital program whether it was
endorsed by their health care professional or by a credible
organization [99-102].
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Table 7. Patient and clinician perspectives on digital health.
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Technology Patient perspectives Clinician perspectives
Telephone interventions «  Willing to use «  More acceptable after first-hand experience
[96,97,107,108] o  Lessacceptable than videoconferencing o Liked the focus on communication and self-

Telerehabilitation and real-timevideo-

conferencing [65,98] .
Websites [90,95,99-101] .
Mobile app [102,103] .
Smartwatch app [104] .
Socia media[109] .

Wearable biofeedback system [110] —

Acceptable, feasible, and satisfactory

Improved access and relationship with the therapist
Preferred over telephone

Convenience, ease of use, and privacy

More patient-focused than in-person visits

No consensus about willingness to pay

Requires technological assistance

Moderate to high satisfaction

Cost and time savings

Anonymity, accessibility, and flexibility
Similarly preferred as in-person for scheduling
visits

Preferred over social media, group self-manage-
ment programs, or telephone helplines

Increased acceptance if endorsed by a health care
professional

Monitoring progress, access to information, feed-
back from health care professionals, and connecting
with peers

May depend on technological capabilities
Real-life avatar preferred over animation
Nonnative accents not preferred; desire for more
context and culture specific

Prefer big buttons, tapping vs sliding, and vertical
vs horizontal layout

Progress feedback reports and educational tips
High levels of acceptability, user satisfaction, and
technical usability

Useful for self-management and improved commu-
nication with physicians

Do not prefer extra clicking, complicated user in-
terface, and unnecessary information

Interest in direct phone call capability, weather
apps, and hedlth-tracking sensors such as accelerom-
eter and heart rate sensor

Concerns regarding usability, accessibility, notifi-
cation customization, and intuitive user design

Limited prior experience among participants
Less preferred compared with web-based and
mailed information packs

management rather than manual therapy

«  Lessacceptable than videoconferencing

o  Lackof visual cuesand difficulty with exami-
nation

« Requirestraining

«  High satisfaction with goa achievement, pa-
tient-therapist relationships, and quality and
performance

« Liked that patients may be more activein
managing their disease

«  Preferred over telephone

«  Discomfort with lack of physical contact

«  Lack of experience canlead to low confidence
and reduced interest

«  Professiona autonomy and added value to
practice

.  Effective, acceptable, and feasible

«  Apprehensiveof extratime needed toincorpo-
rate digital health, especially during high
workload

«  Need for flexibility to tailor to an individual

«  Needfor training

«  Financia concerns

o  Likedtheweekly or monthly pain and activity
reports

«  Prioritized precision of presentation and inter-
pretation of questions

«  Useful for patient resources and accountability

o Skepticism because of the need for internet
access at the clinic and technological aptitude

o Useful for movement feedback, monitoring,
and adherence

«  Challengeswith monitoring, reliability, infor-
mation accuracy, and individualization

3ot available. No relevant studies were identified.
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Clinician’s Perspectives on Digital Health

Clinicians also noted the benefits of digital health technologies
but appeared more likely than patients to identify challenges.
Although accessibility and convenience were noted as positive
aspects, there were concerns related to implementation,
apprehension about the technology, lack of physical contact,
data protection, lack of digital health and communication
training, and revenueloss[98,102,107,108,110,111]. Hurley et
a [112] showed that appropriate training can lead to
improvements in physical therapists knowledge, skills,
confidence, and the delivery of digital health interventions.
Similar to patients, clinicians preferred video-based over
telephone-based interventions [107]. However, training and
experience were found to improve clinicians' perspectives on
telephone-based interventions [108]. Physical therapists also
found value in monitoring patients' data, particularly in being
able to track movements, but were concerned with adoption in
patients who may not be technologically proficient [103,110].
Furthermore, health care professional s di scussed wanting more
information on patients compliance to exercise, relevant
outcomes, and validity of tracking with the digital health
program [113]. Interestingly, one of the studies noted that
physicians did not support the use of mobile apps as they
considered KOA to be aminor problem, were concerned about
their involvement, and needed the internet at the clinic [102].
These findings provide opportunities for further improvements
indigital health interventions based on patients' and clinicians
perspectives.

Discussion

Principal Findings

Digital health has been used to provide patient education,
physical activity, and exercise interventions (self-directed,
remotely monitored, or directly supervised by a clinician), as
well as psychological interventions such as CBT and PCST, in
people with KOA and KR. The types of digital health used for
these purposes included websites, telephone calls, SMS text
messaging, mobile apps (with or without visible feedback from
activity monitors), real-time videoconferencing, and
multi-technology systems that combined a few different
technologies in their intervention. These technologies were
typically used in place of or to augment in-person clinical care.
Multiple technologies were often combined (eg, activity
monitoring with mobile apps and wearable sensors with
websites) in digital interventions to leverage the strengths of
multiple technologies. Overall, we found substantial
heterogeneity in the types of digital health interventions that
have been investigated for people with KOA and KR.

Only afew recent studies on the use of digital health for patient
education were identified [23,24,26-28,35]. Although these
studiesfound improvementsin disease-related knowledge—with
digital interventions providing patient education—in people
with KOA and KR [23,24,28], the clinical meaningfulness of
these improvements is unclear. Irrespective of the technology
used for the dissemination of patient education, al studiesin
KR populations found improvements in disease- and
surgery-related knowledge in users before their KR or soon

https://rehab.jmir.org/2022/2/€33489

Shah et a

after their KR [26,27,35]. However, the studies in KR
populations were limited (3/91, 3%), and it is also not clear
whether these results hold true at longer follow-up periods (ie,
a few months after KR surgeries). In both the KOA and KR
populations, it was noted that providing regular and
person-specific information (eg, via push notifications in a
mobile app or SM Stext messaging) in contrast to general advice
and relying on patients to access the information at their
convenience may lead to improved disease-related knowledge
[23,27,35]. It was also identified that publicly available content
on social mediamay haveincomplete or misleading information
that could further erode patient trust in the information provided
viadigital means [29-32,34].

In people with KOA, the benefits of digital health for exercise
and physical activity interventionsin people with KOA appear
mixed. In contrast, in people with KR, many studies reported
significant improvementsin self-reported outcomeswith digital
exercise interventions that were similar to in-person treatments
[63-66]. Although the different technologies used in these
studies (eg, websites, telephone, mobile  apps,
videoconferencing, and multi-technology systems) were
generally acceptable to people with KOA and KR, some
participants who used tel ephone-based interventions stated the
need for visual contact with their physical therapists [96-98].
However, currently, research comparing different modes of
intervention delivery using different technologies is lacking.
Overall, it appearsthat interventionsthat use >1 technology and
strategies to engage the participants (eg, activity monitoring
with a mobile app, activity monitoring with motivational
messaging, and telephone coaching) may be more promising
than those that rely on a single modality (eg, website or SMS
text messaging) [39,46,47,67]. For interventions delivered by
physical therapists to people with KOA, blended interventions
that use digital health strategies to augment in-person care may
provide benefits similar to those of in-person care[41,59,70,73].
However, more research that directly compares blended, digital,
and in-person care is required to comprehensively understand
the potentia of blended interventions. Digital health
interventions that include CBT or PCST components have
shown dstatistically significant and clinically meaningful
improvements in outcomes in patients with KOA and KR.
However, thereisalack of research comparing these approaches
with traditional in-person approaches; thus, conclusions cannot
be drawn about how they compare with in-person psychol ogical
interventions for chronic pain management. Finally, although
digital health appears to be cost-effective when compared with
in-person treatments, research on the cost-effectiveness of digital
health is too limited to draw definitive conclusions.

Comparison With Prior Work

Choi et a [18] conducted a systematic review of mobile apps
for osteoarthritis self-management. The authors concluded that
digital health tools for the self-management of osteoarthritis
mostly provided patient education and lacked rigorous evidence.
They recommended that future mobile apps should include
self-management, decision support, and shared decision-making
as key functionalitiesfor people with osteoarthritis. Our review
expands on this prior work as we included all available types
of digital health (eg, socia media and websites) versus only
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mobile apps. Our findings show that these toolsimprove patient
knowledge; however, whether they trandate into improved
outcomes is not clear. Safari et a [21] also published a
systematic review and meta-analysis of digital self-management
interventionsfor peoplewith KOA. They included interventions
delivered via telephone plus audio and video, the internet, or
mobile apps. They concluded that moderate-quality evidence
suggests small to medium improvements in pain and function
immediately after the intervention, which was sustained at 12
months. They included studies of self-guided exercise
interventions as part of their analyses and considered any
comparator (eg, usual care, other digital health, aternative
treatment, and no treatment). Although we did not undertake a
meta-analysis, our review provides more nuances and context
by teasing out the findings by type of intervention (eg, education
and self-guided exercise) and comparator (eg, in-person
EXErcise).

In people with KR, 2 prior systematic reviews reported greater
improvementsin pain, function, knee extension, and quadricep
strength in people who received digital interventions than in
those who received in-person PT [17,19], whereas another
reported similar improvement in knee range of motion, physical
activity, and function in people who received post-KR
rehabilitation in person or by telerehabilitation [16]. Our review
extends these results by including studies that investigated a
range of digital health technologies (websites, mobile apps,
SMS text messages, phone based, and synchronous and
asynchronous videoconferencing). Furthermore, the findings
of our review build on existing literature by noting that digital
interventions for people with KR, which incorporated
multi-technology platforms, were associated with statistically
and clinically significant improvements in pain and function
[55,74,75], which persisted even at longer follow-up periods of
3 and 6 months[74,75]. Hence, our review extendsthe findings
reported in some prior studies and capturesimportant advances
in digital health spurred by the onset of the COVID-19
pandemic, when remote health care greatly expanded [2].

Limitations

There are afew limitations to be considered when interpreting
thefindings of thisreview. First, acomparison of specific digital
health technologies (eg, websites vs mobile apps) or their
components was beyond the scope of this review. Second, the
focus of our review was on studies that used digital health for
interventions in KOA and KR and thus did not address other
applications of digital heath such as informed consent,
movement assessment, diagnosis, and data collection. Third,
this review focused only on the primary outcomes reported in
the included studies. Additional insights may be gained by
reviewing the secondary and exploratory outcomes. Fourth, as
this was not a systematic review, these findings should be
interpreted with caution. The intent of this literature review is
to provide researchers and clinicians with an overview of the
digital health interventions currently used for KOA and KR.
Finally, as our last search was conducted in February 2021;
studies published after this date were not included in thisreview.
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Future Directions

This review shows that digital health has promising potential
in the future of health care for people with KOA and KR. For
readability and quality of digitally delivered education, it may
be valuable for digital interventions to curate content from
credible websites, treatment guidelines, or cocreate educational
resources with people with KOA. Moreover, the information
provided by digital interventions should be validated by licensed
health care providers before it is disseminated to patients. For
physical activity and exerciseinterventions, future studies should
consider leveraging existing knowledge of patient and clinician
preferences while developing and implementing digital health
approaches. Furthermore, given that user engagement and
adherence remain a challenge in this population, providing
technological support (eg, phone calls and easy-to-use user
interface) and clinical support (eg, communication with a
clinician via asynchronous or synchronous chats, phone, or
video calls) could improve the adoption of digita health
technologies in people with KOA. In addition to providing
technological and clinical support, other patient-related
contextual factors such as employment, educational attainment,
and eHeadlth literacy, should be considered while prescribing
digital treatmentsto ensure greater adherence[62,85]. Specific
technological preferences in terms of intervention flexibility
and user experience in the reviewed studies may aso be
important when prescribing digital heath interventions
[81,101,104,106,109,114]. Flexibility in interventionsthat allow
for some degree of personalization, such as activating or
deactivating features based on personal preferences and the
ability to alter intervention design based on comorbidities (eg,
visual impairments and hand osteoarthritis), may also foster
adherence [106]. From the clinician's perspective,
reimbursement model s that incentivize the use of digital health
interventions are needed [ 115]. Although these findings provide
some guidance, the best practice would be to include all
stakeholders (clinicians and patients) while developing new
digital health interventions [116]. For example, researchers or
research organizations could liaise with patient organizations
to understand preferred sources of information (eg, YouTube
videos) and lead efforts to improve the quality and readability
of information available through those sources. Finally, concerns
regarding privacy and data security continue to be raised by
both patients and clinicians. Therefore, transparent disclosure
of how datagenerated from digital health platformswill be used
and kept secure may be vital for their uptake in real-world
settings.

Conclusions

In conclusion, digital health offers exciting opportunities for
improving careddlivery for peoplewith KOA or KR. For people
with KOA and KR, interventionsthat are blended (digital health
and in person), incorporate multiple technologies, patient
monitoring or visible biofeedback, and communication with
clinicians may have more favorable outcomes. However,
comparative studiesinvestigating the different technologiesare
lacking. Futureimplementation of these promising technologies
should consider incorporating patient and clinician preferences
into the digital health intervention design process.
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Abstract

Background: The use of telehealth technology to improve functional recovery following transcatheter aortic valve implantation
(TAVI) has not been investigated.

Objective: In this study, we aimed to examine the feasibility of exercise-based cardiac telerehabilitation after TAVI.

Methods: Thiswasasingle-center, prospective, nonrandomized study using amixed methods approach. Data collection included
testing, researchers observations, logbooks, and individual patient interviews, which were analyzed using a content analysis
approach. Theintervention lasted 3 weeks and consisted of home-based web-based exercise training, an activity tracker, a TAVI
information website, and 1 web-based session with anurse.

Results: Of theinitially included 13 patients, 5 (40%) completed the study and were interviewed; the median age was 82 (range
74-84) years, and the sample comprised 3 men and 2 women. Easy access to supervised exercise training at home with real -time
feedback and use of the activity tracker to count daily steps were emphasized by the patients who completed the intervention.
Reasonsfor patients not completing the program included poor data coverage, participants’ limited information technology skills,
and alack of functionality in the systems used. No adverse events were reported.

Conclusions: Exercise-based telerehabilitation for older people after TAVI, in the population as included in this study, and
delivered as a web-based intervention, does not seem feasible, as 60% (8/13) of patients did not complete the study. Those
completing the intervention highly appreciated the real-time feedback during the web-based training sessions. Future studies
should address aspects that support retention rates and enhance patients’ information technology skills.

(IMIR Rehabil Assist Technol 2022;9(2):e34819) doi:10.2196/34819

KEYWORDS

telerehabilitation; transcatheter aortic valve implantation; cardiac surgery; cardiac rehabilitation; exercise training; older adults;
tablet
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Introduction

Background

Aortic valve stenosis aff ects approximately 3% of patients aged
=75 years. Untreated aortic stenosis (AS) leads to dizziness,
fainting, dyspnea, chest pain, heart failure, and sudden cardiac
death [1]. Transcatheter aortic valve implantation (TAVI) is
increasingly being used as a procedure of choice for older adult
patients with severe AS and high perioperative mortality risk
[1,2]. The number of TAVI procedures is expected to increase
in the coming years because of an aging population [3] and the
positive short- and long-term results of the procedure [4]. Thus,
TAVI has recently been recommended in patientswho are aged
>65 years and are at low and intermediate risk from surgical
aortic valve replacement [4].

To date, no major guidelines recommend cardiac rehabilitation
(CR) after TAVI [5], although emerging evidence suggests that
CRissafe and hasthe potential to reduce mortality and improve
exercise capacity and quality of life [6-9]. Participation in CR
soon after TAVI may be of particular importance as sedentary
behavior in this often frail population with multiple
comorbidities is related to a higher risk of mortality and
functional decline 1 year after the procedure[10]. In Denmark,
less than 20% of patients are referred to and participate in CR
following TAVI [11]. Several factors hinder patients
participation in CR, including old age [12], lack of availability
of municipality-based CR, lack of continuity between hospitals
and local health centerswhere CR programs are performed, and
lack of individualized rehabilitation [13].

Cardiac Telerehabilitation in General

Telerehabilitation is defined as the use of information and
communication technologies to support rehabilitation [14,15].
Cardiac telerehabilitation (CTR) has proven to be as effective
in decreasing morbidity and mortality as center- and
hospital-based CR programs [16,17]. In a recently published
systematic review, CTR was found to be as cost-effective as
traditional center-based approaches [18]. CTR may enhance
attendance rates and long-term adherence to rehabilitation
recommendations because it is performed in the participants
own environment and can thereby be incorporated into their
daily routines[19,20]. CTR often consists of digitally available
cardiac-related patient information and the use of different
devices (eg, activity trackers or weight scales) that collect and
transfer data to a persona health record or digital platform
[21,22], whereas others provide supervised exercise training
[16,23]. Considering that the participation of older adult patients
in center-based CR programsis poor [12,24], CTR may resolve
barriers that hinder CR use and improve adherence to CR
programs and sustainability of effects following the program
[25].

CTR Following TAVI

The effectiveness of CTR following TAVI has not yet been
investigated, probably because the use of modern technology
in the older adult population is still limited [26-28]. Hence, we
developed a digital CTR program (TeleTAVI) based on four
elements: (1) supervised home-based web-based exercise
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training, (2) an activity tracker, (3) a website containing
disease-specific patient education and training videos, and (4)
1 web-based session with a nurse specializing in the care of
patients undergoing TAV 1. The devel opment process was based
on a participatory design [29], including individual patient
interviews and workshops with patients, health professionals,
researchers, and system developers[30]. The aim of this study
wasto investigate the feasibility and usability of aCTR program,
named TeleTAVI, delivered via a tablet to an older adult
population who had recently undergone TAVI surgery, with
consideration given to the potential barriers in the use of
technology for this particular popul ation. We hypothesized that
patients who undergo TAVI would be able to manage and use
atablet containing a TeleTAVI program at home and would be
positive regarding the TeleTAVI content and approach.

Methods

Overview

A prospective nonrandomized, single-center study using amixed
methods approach was designed to investigate the feasibility
of the TleTAV | program and eval uate patient experienceswith
the program. In addition, we collected data on the running
expenses of the program. Furthermore, this study was conducted
to gather information about whether and how afuturelarge-scale
randomized controlled trial could be performed. Thefirst author
(BCB) was in charge of all procedures for recruitment and
running the study, whilethelast author (CBT) performed patient
interviews. The study was reported in accordance with the
CONSORT (Consolidated Standards of Reporting Trials)
extension for feasibility and pilot studies [31].

Setting

Participantswererecruited from the Department of Cardiology,
Aalborg University Hospital, Denmark, between August 18 and
September 22, 2020. The hospital performs 120 TAVI
procedures each year. The Danish National Health Service
provides tax-supported health care, including general CR, for
all inhabitants, guaranteeing free access to family physicians
and public hospitals.

Ethics Approval

This study was approved by the Danish Data Protection Agency
(registration 2020-054). The regional ethics committee stated
that no approval was required for this study. Informed written
consent was obtained from all participants before inclusion.

Inclusion and Exclusion Criteria

Eligible participants were adults who planned for elective TAVI
and were capable of reading and understanding Danish.
Indicationsfor TAVI in the present patient cohort were primarily
high-risk, symptomatic AS, and or aged >80 years. The
exclusion criteria were physical deficits that adversely
influenced physical performance, decreased cognitive
functioning, or TAVI performed as acute or subacute surgery.

Surgery and Perioperative M anagement

TAVI was performed with local anesthesia and conscious
sedation, with the insertion of a self-expandable aortic valve
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using a balloon catheter through a transfemoral incision. The
choice of heart valve used (Edwards Sapien Ultra, Edwards
Lifesciences) or Merill MyValve (Life Sciences Pvt Ltd) was
made by the surgeon. After surgery, patients were transferred
to the intensive care unit for observation and returned to the
ward on the evening of the day of surgery or, a the latest, the
next morning. When stable, patients were mobilized to walk on
the day of surgery and were discharged within 2 or 3
postoperative days.

Intervention

The technologies used for the pilot study are presented in
Multimedia Appendix 1. The intervention was multimodal,
lasted 3 weeks, and consisted of supervised web-based exercise
training, patient support, the use of an activity tracker, and
access to a project website.

Technology and M anagement

The technologies were introduced during a home visit, 1 week
after hospital discharge. A booklet containing written user
instructionsfor each element of the intervention and a schedule
of rehabilitation activities were provided to each patient before
hospital discharge. The booklet was continuously adjusted
during the study period according to patient feedback.

To deliver the video-training sessions at the hospital, we used
a 49-in television monitor, a high-definition sound bar, and a
Bluetooth headset to enable 2-way communication during each
on.

Tablet

All the participants received atablet (iPad, Apple) along with
a SIM card for data coverage. For the web-based training
sessions, we used an encrypted videoconferencing system
(Videosamtale) hosted by Aaborg University Hospital, that
complieswith the General Data Protection Regulation (GDPR)
for European countries. During the home visit, patients were
thoroughly introduced to how to connect to the web-based
program and how to access the project website [32] for
information and videos rel ated to themesidentified asimportant
by patientswho had previously undergone TAV . For smplicity,
the tablet setup only allowed the patients to use the TeleTAVI
project’s website and an email program for assessing the link
to the videoconferencing system.

Activity Tracker

We used 2 different activity tracker models measuring step
counts: Fitbit Charge 3 (Fitbit LLC) and Beurer AS 87 (Beurer
Germany) to identify the most feasible activity tracker for use
in alater extension of the program. The patients filed the daily
number of stepsin their training diaries, and we uploaded the
datastored in each activity tracker after collecting the equipment
at the patients’ homes.

Exercise Training

Individualized web-based home exercise training followed the
national recommendationsfor CR with acombination of agrobic
and strength training twice weekly, with each session lasting
30 to 45 minutes [33]. The target intensity for the aerobic
exerciseswas either aheart rate of 80 to 100 beats/min (patients
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wearing Fitbit) or aBorg CR10 dyspnea score from 3t0 5 [34]
(patients wearing Beurer). The number of web-based sessions
was set at 5. Patients were offered further sessionsif they were
able to attend. In addition, the patients were instructed to take
a30-minutewalk daily with moderate intensity. Before hospital
discharge, the patients were instructed to perform 3 exercises
on alternate days until the homevisit took place (home exercise
program is provided in Multimedia Appendix 2).

Follow-up Session With a Nurse

The 1 web-based session with a project nurse was established
as a follow-up after hospital discharge. The topics during the
sessions were based on patients perspectives on the
development process of the TeleTAVI program [30]. Spouses
participated in the sessions at their own discretion.

Data Collection and Analysis

Eligible patients were approached for inclusion the day before
their surgery.

Assessments

Demographic and perioperative data were collected from
patients medical records. The following assessments were
performed the day before surgery to evauate patients
preoperative functional status and to target the exercisetraining
program: 6-minute walk test [35]; 30 seconds-sit-to-stand test
to assess functional lower extremity muscle strength [36]; 4-m
walk test to assess gait speed. A gait speed <0.7 m/sis defined
as frailty in TAVI [37]. Dominant hand grip strength was also
assessed using the a digital hand dynamometer [36] and Mini
Mental Scale Evaluation [38]. For health-related quality of life,
we used HeartQol [39], which isadisease-specific questionnaire
validated for patients who have undergone cardiac valve
replacement surgery [39,40]. For frailty, we used the Tilburg
Frailty Indicator, a validated self-administered instrument for
assessing multidimensional frailty in older populations [41].
The number of steps was recorded and compared with those
registered in the patients' step diaries. Furthermore, we collected
data on the number of home visits for technical support and
telephone calls regarding difficulties in using the tablet and
log-in procedure. Datawere stored using the REDCap (Research
Electronic Data Capture) el ectronic data capture tool (REDCap
Consortium, Vanderbilt University Medical Center) hosted by
the North Denmark Region.

Field Notes and L ogbooks

Field notes consisted of field observations and logbook
registrations of each patient regarding their participation in the
CTR program.

Patient | nterviews

Individual interviewswith patients completing the CTR program
were performed to gain insight into their experiences of being
part of the TeleTAV | program and the usability of technologies
and devices. The interviews were based on a semistructured
interview guide [42] (Multimedia Appendix 3) and lasted 30 to
90 minutes. All interviews were conducted in the patients
homes at the end of the intervention, and partners were invited
to participate. The interviews were digitally recorded and
transcribed verbatim by aresearch assistant.
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Estimated Costs

Therunning expensesfor the program were estimated per patient
completing the program and expressed as costs related to the
equipment delivered to each patient at home (tablet, activity
tracker, and home training equipment) and staff costs
(transportation for home visits, running the web-based
intervention, and information technology [1T] support).

Data Analysis

Descriptive statistics were used to describe the study population,
and nonparametric statistics were used to analyze the differences
between patients who completed the study and those who did
not. A 2-sided P value <.05 was considered statistically
significant. Owing to the small number of cases and subsequent
skewed data, we have presented the results as median, minimum,
and maximum, aswell as numbers, frequencies, and percentages
when appropriate. Analyses were performed using SPSS
software (IBM Analytics). No formal sample size calculation
was performed because of the explorative character of the study
and because no efficacy testing was performed [43].

Thefirst author (BCB) read al the observations and comments
registered in the research diaries. Themes were identified
according to the elements that comprised the intervention, and
the findings were reviewed and discussed with the last author
(CBT). Theanalysisof eachindividual interview was conducted
asadeductive manifest content analysiswith theaim of creating
a condensation of meaning [44]. After familiarization with the
text, the interviews were coded and abstracted into categories
and subcategories, using the NVivo (QSR International) coding
system [45]. Both authorsreviewed the categories and analyzed
them according to the different elements of the intervention.
The results are presented as a joint display [46], that is, both
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guantitative and qualitative results are presented together,
according to the source of data: patient citations from the
interviews, logbooks, or field notes.

Results

Overview

Intotal, 20 consecutive patients admitted to Aalborg University
Hospital for elective TAVI were assessed for digibility; 13
patients with a median age of 83 years (range 74-87 years)
agreed to participate and underwent baseline assessments. The
median length of hospital stay was 3 days (range 3-30 days).
Five patients (3 men and 2 women) completed the study. All
had some experience with either the use of acomputer or tablet,
or they could get help from their relatives to manage the
technology. Frailty was detected in a single patient completing
the study, whereas 3 patients in the dropout group were
categorized asfrail (Table 1). Thereasonsfor dropoutsincluded
tiredness after the surgery (n=2), hospital readmission (n=1),
and poor mobile coverage (n=1; Figure 1, study flowchart). The
first 3 patients included were introduced to the technology on
thefirst postoperative day and reported that they weretired and
could not concentrate on the technology at that time. Thus, the
introduction of the technology was scheduled 1 week after
hospital discharge.

Theresults and findings are presented as ajoint display (Table
2) and summarized into the following categories. home-based
rehabilitation, web-based exercise training, activity tracker,
web-based session with the nurse, and website and technical
issues. Each category was el aborated separately, and quotations
from the interviews were provided to illustrate the findings.
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Table 1. Demographics and surgical characteristics of participants.

Variables Included (N=13) Completed thestudy (n=5) Did not completethe  p \/q4e?
study (n=8)
Age (years), median (range) 83 (74-87) 82 (74-84) 83 (75-87) .35
Gender (man), n (%) 8(63) 3(60) 5(63) 98
BMI (kg/m?), median (range) 26 (23-30) 26 (23-27) 28 (24-30) 22
Comorbidities, n (%)
Arteria hypertension 8 (62) 3(60) 5(63) .92
Ischemic heart disease 4(27) 2 (40) 2(25) .57
Previous stroke 2(15) 1(20) 1(13) .83
Atridl fibrillation 3(Q) 2 (40) 1(13) 12
Diabetes mellitus 4(27) 1(20) 3(37) 67
Left ventricular gjection fraction, median (range) 60 (40-60) 60 (40-60) 60 (45-60) .82
NYHA P n (%) 28
NYHA classlI 8(62) 4.(80) 4(50)
NYHA class I 5(38) 1(20) 4.(50)
American Society of Anesthesiology Score, n (%) .83
3 3(23) 1(20) 2(25)
4 10 (77) 4(80) 6 (75)
Forced expiratory value first second, median (range) 77 (52-132) 61 (52-132) 80 (52-125) 72
Aortic peak gradient, median (range) 83 (50-140) 77 (50-140) 87 (55-105) 43
Hemoglobin, median (range) 8.2 (6.6-9.5) 8.5(7.2-8.9) 8.2 (6.6-9.5) 43
Length of hospital stay,® median (range) 3(3-30) 3(3-6) 35(3-30) 35
Physical functioning
Walked distance (6-minute walk test; m), median (range) 400 (136-543) 460 (299-543) 391 (136-499) A7
Walked distance % expected, median (range) 97 (36-143) 104 (63-143) 97 (36-113) 52
Gait speed 4 m, median (range) 03.90 (02.98- 03.71 (03.15-04.26) 04.15 (02.98-10.20) .28
10.20)
Sit-to-Stand Test (30 seconds), median (range) 10 (6-16) 11 (8-15) 10 (6- 16)d .52
Hand strength % expected, median (range) 123 (82-162) 108 (84-162) 127 (82-160) .99
Mini Mental State Examination, median (range) 30 (28-30) 30 (29-30) 30 (28-30) a7
HeartQoL Quality of Life questionnaire, median (range) 0.79(0.21- 2.14) 0.57 (0.29-2.14) 1.29(0.21- 2.14) 22

Sociodemographic, n (%)

Living alone 3(23) 1(20) 2(25) _e

Educational level a2
Public school or short education 8 (61) 2 (40) 6 (75)
Medium education 3(23) 0(0) 3(37)
Long education 2(15) 1(20) 1(12)

I nformation technology skills .06
Novice 3(23) 0(0) 3(37)
Acquainted with tablet or PC 10 (77) 5(100) 5(62)

Tilburg Frailty Indicator (total score), median (range) 3(0-8) 2(0-8) 1(0-8) 51
Not frail, n (%) 9 (69) 4(80) 5(63)
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Variables Included (N=13) Completed thestudy (n=5) Did not completethe p 4 e?
study (n=8)
Frail (=5 points), n (%) 4(31) 1(20) 3(39)

8A P value <.05 is considered statistically significant.
PN'YHA: New York Hear Academy Functional Classification.

%Includes operative day.
dn=7.

®Not available.

fPatient or next of kin.

Figure 1. Study flowchart. TAVI: transcatheter aortic valve implantation.

Assessed for eligibility (n=20)

v

Agreed to participate and
performed baseline assessments

Excluded:

Not meeting inclusion criteria (n=2)
Logistics (n=2)

Declined to participate (n=3)

(n=13)
Excluded:
Withdrew consent after TAVI, tiredness (n=2)
> | Withdrew consent after TAVI, no reason (n=1)
Postoperative complication (n=1)
v

Home visit and introduction to the
telerehabilitation package

Surgery postponed (n=1)

(n=8)
Did not complete the study:
Hospital readmission (n=1)
o ~” | Could not manage the tablet (n=1)
Poor mobile coverage (n=1)
\ 4

Completed the telerehabilitation
program and were interviewed
(n=5)
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Table 2. Joint display of results and findings summarized into categories according to the source of data.

Categories Source of data

Logbooks

Field notes

Home-based rehabilitation
1.5-2 hours each.

« Additional home visits for technical support: n=6.
«  Transportation between the hospital and patient’s .

homes varied from 20 to 80 km.

Web-based exercisetraining «
from 2 (n=1) to 7 (n=1).

«  Thenumber of participants per session varied from 1

to 3.
«  Thesessionslasted 30-40 minutes each.

o Heart rate during the aerobic exercisesvaried from  «

70 to 90 beats per minute.

«  For the CR10 dyspnesa, the reported rating was 3-4.

Activity tracker .
varied from 1.457 to 7.840 m

o Number of days the units were used: 7-28 days

Web-based session withthe «

nurse each.
«  Onesession was as atelephone call.
Website « Log-in entry data were not collected.
Technical issues «  Telephone guidance to the log-in procedure givento

4 of 5 users, often for the first session.

o One participant needed telephone guidancefor all the

sessions.

Home visits for technology introduction: n=8; lasted

The number of training sessions per participant varied «

Number of steps per day: 1.868 to 17.280; distance

Five sessionstook place, lasting from 20to 45 minutes  »

Easier to establish arelationship during the home

visit when patients had met the health professional
during hospital stay.

Easier for patients to follow the instructions when
these were practical.

Two spouses joined the training sessions.

«  No adverse events occurred during the web-based
training sessions.

«  Givingindividual guidance during web-based sessions

was a challenge when =2 patients participated.

An advantage to monitor the heart rate for targeting

training intensity.

Trying exercises and training equipment during the

home visit supported individualization of exercises

for the web-based sessions.

Three patients returned their training diaries.

«  There was concordance between patient registered
data and the unit’s stored data.

o Only 1 user registered datafor all days.

Internet-based face-to-face meeting was a positive
experience and the issues discussed were mostly of
practical nature.

«  Theintroduction to the use of the website took place
asthelast part of the home visit.

External challenge: unstable or insufficient 4G net

coverage; program or net outage.

User-related challenge: Information technology novice

in the use of atouch screen or email program; guid-

ance for session log-in was often necessary; impaired
vision or hearing.

«  Functionality

«  Tablet: customized for each user; relatively small
screen size, when =2 users are connected at the
same time; user forgets to charge the battery.

«  Equipment: a124.5-cm monitor facilitates
viewing userslogged in; alarge screen enhances
provision of individual guidance for the web-
based training.

Home-Based Rehabilitation

The home setting was practical, and patients felt privileged to
participate. Meeting the same health professional's throughout
thewhole processfacilitated continuity and was appreciated by
the patients and health professionalsinvolved. Meanwhile, the
introduction to the technologies and provision of technical
support were time-consuming for the health care professionals.

Field notes showed that the practical tasks learned during the
home visit supported most patientsin using the technology and
joining the web-based sessions.

The interviews revealed that patients completing the program
were positive about the TeleTAVI program and felt cared for
instead of feeling lonely after hospital discharge. The
home-based setting was perceived by the patients as practical
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and as an advantage as no transportation to acommunity center
was necessary. The home-based setting was also especialy
valued owing to restrictions on social interaction during the
COVID-19 pandemic:

WEll, my goodness, you have not only received a new
heart valve, you have received such an embrace of
what you [red. health professionals] have given, to
be ableto feel good afterwards and beyond. | just feel
it's been so good. One is shown the way forward.
[Patient, woman]

It'sa good thing too because if people are debilitated
and are in doubt about whether you can hold to such
a training trip. You can just be at home, and then
jump on. So, |, that's for sure. This is fine, Corona
[red COVID-19] or not. [Patient, man]
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Web-Based Exercise Training

The number of training sessions per participant ranged from 2
(n=1) to 7 (n=1), and no adverse events occurred. Theinstruction
on the exercises and training equipment during the home visit
was helpful for the later individualization of exercises and was
also valued by the patients. Targeting the training intensity was
feasible regardliess of the method used (heart rate or level of
dyspnea). However, it was a challenge for the instructor to
provide individual guidance when more than 2 patients were
connected in the same session.

Patients described web-based exercise training as motivating
and “real,” and there were several contributory factors. First, it
was owing to the use of known exercises. Second, the patients
could see the physiotherapist on the screen when receiving
guidance on correct exercise performance, and they were able
to exercise the whole body. Third, they felt committed to the
web-based sessions, although such commitment could also be
a barrier to performing the usual daily activities. Although
one-on-one web-based trai ning seemed to be the most efficient,
voiced as “to see the instructor was the most important,”

exercising in a group could also be motivating as it enhanced
the feeling of not being aone:

| think it has been nice to have things shown. And |
think it has been great to have the tablet to look at
when we did the exercises. So, it was nice, also like
today where you could correct meif it was wrong or
it wasright, right? So, | think it's been fine. [Patient,
woman]

“We often said to each other” There are some
muscles we do not use, we think “ you do not need to
do” , but when we have finished [ red. training], there
were some muscles we have used, which we do not
usually use, so just like the arms all the way up and
like that, that's not how we are used to. [Spouse,
woman]

It [red. training] was on certain days, so | had to get
it over, then | could give myself to do something else.
| could not go out in thefields or anything el se before
it was over. [Patient, man]

WA, | can tell you. When we stand and do it [red.
training], | feel, well you'rein herein theliving room,
you are standing and directing and your friendsthere,
they are standing here. This is how | feel, we're a
small bunch of people. [Patient, woman]

Activity Tracker

There was a large variation in the number of steps taken per
day among the patients, varying from 1868 to 17,280. The
patients perceived wearing an activity tracker asaway to verify
the usual number of daily steps taken. Expressions such as* all
steps count” often occurred throughout the interviews when
patients described positive experienceswhile wearing the device,
which could be a mativation to increase the daily number of
steps. Others did not wear the device throughout theintervention
period, either because they were reassured that their usual daily
steps exceeded the recommendations or because they did not
understand how to manage the device:
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W, it was motivating because that, then | reach the
1700 [steps] here, you know, well, then I'll take a
walk up in the woods and reach 2.000 [Patient, man]

It has not worked, just lying on the table there, with
power on. | thought it was missing power, but then
you said | should wear it in my wrist, and then the
shit worked. Then | went on the big walk, to get many
steps. [Patient, man]

Web-Based Session With the Nurse

In total, 5 web-based sessions were conducted. The issues
discussed were mostly of apractical nature, such as medication,
pain, and sleeping. The project nurse experienced the
internet-based face-to-face conversation with the patients as
positive astheir body language wasvisible, which indicated the
patients actual well-being. Although most of them could not
recall the specific issues discussed, the patients and their spouses
appreciated the provision of follow-up after hospital discharge:

Can well remember that we should get ready for the
conversation. | think it gives a bit of reassurance,
there is someone who is interested in you, right?
[Spouse, woman]

Website

Overall, the project website was only occasionally used by the
patients, mostly because they forgot that they could access it.
When it was used, patients, and eventually their spouses,
appreciated watching videosin which other patientstalked about
their own course of disease, treatment, and recovery. The
patientswere not interested in viewing videos with self-training
information:

| watched patient and relatives’ videos, that is, the
different onestelling about how they have experienced
it. The videos were very, very good, mostly listened
to the videos, not read that much. [Patient, woman]

Technical |ssues

Challenges regarding the use of this technology were
experienced by both patients and health care professionals.
These were categorized as external or user or functionality
related.

The main external challenge was unstable or insufficient 4G
datacoverage, mostly in less-populated areas, which could often
be solved by connecting the tablet to the users’ Wi-Fi when
available. One dropout was owing to unstable data coverage.

User-related challenges were associated with a lack of prior
experience with web-based communication platforms, such as
handling emails or dealing with a touch screen, and this lack
often required I'T support, which was provided by telephone.
Customization of the tablet was provided when necessary, for
instance, by adjusting the period for screen touch. Patients
expressed different ways of managing challenges with the use
of atablet, ranging from confidence to a lack of faith in their
own ability. One patient expressed that he had no interest in the
use of digital technology and left such issues to his spouse.
Regardless of the individual approach taken, patients managed
to use the tablet to participate in web-based training sessions:
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| am not used to using a tablet. | have a computer

that | always use. So that way, I'm used to using

technology, but I've never used a tablet before.

[Patient, man]

| totally get [goose] bumps when | think about, no,

you have to, can you, you cannot figure it out.

[Patient, woman]
Challenges related to tablet functionality were also identified.
The main challenge for the patients was related to the tablet’s
relatively small screen size and visual deficits as it was
important to be able to see the instructor’s complete body so
that they could better follow the exercises:

If there were many [ participants], then the pictures

got small, and then you have to get closer. It would

be better if therewasa big picture of you [instructor],

and small of the others. [Patient, man]
For the health care professionals, instructing the patientsin the
TeleTAVI during the homevisitstook 90 to 120 minutes, which
meant that it was atime-consuming task and one that continued
as they had to instruct and guide the patients afterward for
logging into the training sessions.

Estimated Costs

The estimated running cost for the programwas US $ 1.467 per
patient who completed the study. This included US $840 for
equipment delivered to each patient and US $627 for staff costs.

Discussion

Principal Findings

Exercise-based telerehabilitation for the elderly after TAVI in
the population as included in this study, and delivered as a
web-based intervention, does not seem feasible as 60% (8/13)
included patients did not complete the study. Barriers negatively
influencing adherence to the program included poor data
coverage, participants’ limited IT skills, and functionality of
the systems used. Meanwhile, qualitative findings suggest that
the TeleTAVI program supported personalized, tailored training
interventions in patients completing the program. The
home-based web-based delivery form of the exercise training
sessions was appreciated by the patients because there was no
need for transportation, and they felt that they exercised their
whole body while receiving real-time feedback. However, the
program was time-consuming for the health care professionals
as a great deal of time was used for transportation, home
instruction, and IT support. No adverse events were reported.
Aspects that support retainment rates and enhance patients’ 1T
skills need to be further addressed before the program can be
used on a larger scale, such as in a randomized controlled
setting, asintended.

Comparison With Prior Work

Thefindingsfrom thisfirst study on TAVI CTR arein linewith
existing knowledge of the use of CTR in patients with other
cardiac conditions. In particul ar, easy accessto exercisetraining
without the need for transportation to a rehabilitation center is
a well-described advantage that promotes patient engagement
and adherence [24,47]. Exercise supervision is a key element
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in center-based CR to individualize exercises and provide
sufficient training load to achieve gain in cardiorespiratory
fitness[33]. Inthis study, wefound that virtual feedback allowed
for individualization during the training sessions, whereas the
provision of exercise equipment facilitated patients to reach a
proper training load. This was facilitated by face-to-face
introduction to the exercises during the introductory home visit.
These elements were also voiced as being important by the
participating patients and their spouses, possibly supporting
their adherenceto the program. Furthermore, the use of adequate
equipment for video-training delivery at the hospital facility
was vital for enabling two-way communication during each
Session.

We were particularly challenged as many patients did not
complete our study because they could not manage the
technology or because of technical issues. First, in the short
study period, we experienced outages in both the broadband
connection and the video conferencing app. Stable internet
connectivity was the premise for the use of the
videoconferencing system. Even though the tablet had a 4G
SIM card, we still experienced unstable data coverage in both
rural and urban areas, areason for the 2 patient withdrawals. If
required and available, we connected the tabletsto the patients
own Wi-Fi to ensure proper running of the videoconferencing
system and enhance program compliance. To date, many homes
do not have internet. In 2019, up to 10% of Danish citizens
reported not having broadband at home, particularly older adults
aged 75 to 89 years, of whom 29% had never previously
accessed the internet [48]. This may pose achallengefor future
CTR telerehabilitation delivery, particularly in the elderly
population. Second, according to theinitia study protocol, we
introduced patientsto the technology during their hospital stay,
which was probably not the best introduction time for new
technology in this older population. Consequently, we adapted
the protocol and introduced the technology during the home
visit 1 week after hospital discharge and had no further patient
withdrawals for this reason. Findly, the setup for the
intervention was time-consuming for the heath care
professionals as agreat deal of time was spent on introduction
to the telerehabilitation packet, IT support, and transportation.
This may also be a barrier to future implementation of CTR
after TAVI.

Future Directions

Findings from our feasibility study indicate that the use of
telerehabilitation technology in older persons who have
undergone TAVI, although challenging, is also promising as
many patients are acquainted with the use of smartphones and
tablets, and patients completing the program appreciated the
home-based web-based setting. Therefore, we recommend
changes in future TAVI-CTR interventions. First, extension of
the program to 12 weeks post-TAVI will follow current
guidelinesfor the duration of CR [33,49]. Furthermore, alonger
intervention period may aso facilitate patients to get more
acquainted with the technol ogy with additional less cost to the
program in the long term. Second, the provision of remote IT
support may help patients in using the tablet properly. Third,
the use of a wireless platform for automatic uploading and
collection of data on daly steps should be considered,
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conditional of complying with the GDPR regulations [22].
Deviceswith commercial applicationsthat automatically upload
to atablet and store patients' dataon daily number of steps may
not comply with GDPR regulations for data safety and privacy
in research [50], athough it poses no concern when used
privately by patients. Fourth, the ownership of a smartphone
[28] and digital access to the internet may be used as proxies
for screening older patientsfor CTR. Finally, areduction in the
number of functions in a CTR program might enhance the
willingness to participate in CTR and thus enhance retention
rates.

With asfew as 10% to 20% of patients attending CR after TAVI
[11,23], delivery models that are alternatives to the established
center-based CR still need to be devel oped and tested to enhance
patient uptake to rehabilitation after surgery, as well as to
establish evidence on the effect of CR following TAVI. In this
context, CTR may be a cost-effective alternative to add-on
interventions[18]. However, it isalso important to bear in mind
that patients who undergo TAVI are often octogenarians and
frail [6,51], which may have influenced patient withdrawal in
our study.

Strengths and Limitations

Asthiswasasingle-center trial with no control group, our study
has limited generalizability. In addition, we included only a
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smal number of participants owing to the study’s
proof-of-concept nature [43] with a limited inclusion period.
However, it is a strength that we screened al the patients
scheduled for TAVI in our hospital, which was similar to the
feasibility randomized study performed by Rogers et a [8].
Apart from the walked distance, the age of the participants in
our study and several clinical features, such as the presence of
comorbidities, gjection fraction, and NY HA classification were
similar to those in studies investigating the effect of CR
following TAVI [8,51-54].

Conclusions

In conclusion, we found that exercise-based telerehabilitation
in older adult patients after TAV|I, in the population asincluded
to this study, delivered as a web-based intervention, does not
seem feasible, as 60% (8/13) of the included patients did not
complete the intervention. Conversely, we found several
promising aspects favoring the web-based setting as rea-time
feedback during hometraining was highly appreciated by those
who completed the intervention. Aspectsthat support retainment
rates and enhance patients' 1 T skills need to be further addressed
before the program can be used on a larger scale, as intended,
in the form of arandomized controlled trial.

The authors thank all the clinical personnel involved in the clinical management of the patients.

This study was funded by the Danish Heart Foundation (19-R136-A9035-22130), AP Mgller Fund, North Denmark Region’s
Research Fund, and the North Denmark Region’s Innovation Fund.

Conflictsof I nterest
None declared.

Multimedia Appendix 1
Technologies.

[PDE File (Adobe PDF File), 82 KB - rehab_v9i2e34819_appl.pdf ]

Multimedia Appendix 2
Home exercise program.

[PDE File (Adobe PDF File), 469 KB - rehah_v9i2e34819 _app2.pdf ]

Multimedia Appendix 3
Interview guide.

[PDE File (Adobe PDF File), 99 KB - rehab_v9i2e34819_app3.pdf |

References

1.  Lytvynl, Guyatt GH, ManjaV, Siemieniuk RA, Zhang Y, Agoritsas T, et al. Patient values and preferences on transcatheter
or surgical aortic valve replacement therapy for aortic stenosis: a systematic review. BMJ Open 2016 Sep 29;6(9):€014327
[FREE Full text] [doi: 10.1136/bmjopen-2016-014327] [Medline: 27687903]

2. Arsalan M, Szerlip M, Vemulapalli S, Holper EM, Arnold SV, Li Z, et al. Should transcatheter aortic valve replacement
be performed in nonagenarians?. insightsfromthe STSYACC TVT registry. JAm Coll Cardiol 2016 Mar 29;67(12):1387-1395
[FREE Full text] [doi: 10.1016/j.jacc.2016.01.055] [Medline: 27012397]

3. vonKappelgaard L, Toftlund SA, Gislason MD. Dansk hjerteregister: Arsrapport 2017. Syddansk Universitet. 2018. URL:

https.//www.sdu.dk/da/sif/rapporter/2018/dansk_hjerteregisters aarsberetning 2017 [accessed 2000-04-06]

https://rehab.jmir.org/2022/2/€34819

JMIR Rehabil Assist Technol 2022 | vol. 9 | iss. 2 [e34819 | p.121
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=rehab_v9i2e34819_app1.pdf&filename=343968daefe9e32f658902cb968437a1.pdf
https://jmir.org/api/download?alt_name=rehab_v9i2e34819_app1.pdf&filename=343968daefe9e32f658902cb968437a1.pdf
https://jmir.org/api/download?alt_name=rehab_v9i2e34819_app2.pdf&filename=ef19accf2d255060eefe8c7dbb02b232.pdf
https://jmir.org/api/download?alt_name=rehab_v9i2e34819_app2.pdf&filename=ef19accf2d255060eefe8c7dbb02b232.pdf
https://jmir.org/api/download?alt_name=rehab_v9i2e34819_app3.pdf&filename=3864bcccb3c2cd94368cb722a425763d.pdf
https://jmir.org/api/download?alt_name=rehab_v9i2e34819_app3.pdf&filename=3864bcccb3c2cd94368cb722a425763d.pdf
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=27687903
http://dx.doi.org/10.1136/bmjopen-2016-014327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27687903&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(16)00601-X
http://dx.doi.org/10.1016/j.jacc.2016.01.055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27012397&dopt=Abstract
https://www.sdu.dk/da/sif/rapporter/2018/dansk_hjerteregisters_aarsberetning_2017
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Brocki et &

4,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Thourani VH, Edelman JJ, Holmes SD, Nguyen TC, Carroll J, Mack MJ, et al. The International Society for Minimally
Invasive Cardiothoracic Surgery expert consensus statement on transcatheter and surgical aortic valve replacement in low-
and intermediate-risk patients: a meta-analysis of randomized and propensity-matched studies. Innovations (Phila)
2021;16(1):3-16. [doi: 10.1177/1556984520978316] [Medline: 33491539]

Abraham LN, Sibilitz KL, Berg SK, Tang LH, Risom SS, Lindschou J, et a. Exercise-based cardiac rehabilitation for adults
after heart valve surgery. Cochrane Database Syst Rev 2021 May 07;5(5):CD010876. [doi:
10.1002/14651858.CD010876.pub3] [Medline: 33962483]

Sperlongano S, Renon F, Bigazzi MC, Sperlongano R, Cimmino G, D'Andrea A, et a. Transcatheter aortic valveimplantation:
the new challenges of cardiac rehabilitation. JClin Med 2021 Feb 17;10(4):810 [FREE Full text] [doi: 10.3390/jcm10040810]
[Medline: 33671340]

Ribeiro GS, Melo RD, Deresz LF, Dal Lago P, PontesMR, Karsten M. Cardiac rehabilitation programme after transcatheter
aortic valve implantation versus surgical aortic valve replacement: systematic review and meta-analysis. Eur JPrev Cardiol
2017 May;24(7):688-697. [doi: 10.1177/2047487316686442] [Medline: 28071146]

Rogers P, Al-Aidrous S, Banya W, Haley SR, Mittal T, Kabir T, et al. Cardiac rehabilitation to improve health-related
quality of lifefollowing trans-catheter aortic valve implantation: arandomised controlled feasibility study: RECOVER-TAVI
Pilot, ORCA 4, For the Optimal Restoration of Cardiac Activity Group. Pilot Feasibility Stud 2018 Dec 13;4:185 [FREE
Full text] [doi: 10.1186/s40814-018-0363-8] [Medline: 30564436]

Anayo L, RogersP, Long L, Dalby M, Taylor R. Exercise-based cardiac rehabilitation for patients following open surgical
aortic valve replacement and transcatheter aortic valve implant: a systematic review and meta-analysis. Open Heart
2019;6(1):e000922 [FREE Full text] [doi: 10.1136/openhrt-2018-000922] [Medline: 31168371]

Sathananthan J, Lauck S, Piazza N, Martucci G, Kim DH, Popma JJ, et al. Habitual physical activity in older adults
undergoing TAVR: insights from the FRAILTY-AVR study. JACC Cardiovasc Interv 2019 Apr 22;12(8):781-789 [FREE
Full text] [doi: 10.1016/j.jcin.2019.02.049] [Medline: 31000014]

Hansen TB, Berg SK, SibilitzKL, Sagaard R, Thygesen L C, Yazbeck AM, et al. Availability of, referral to and participation
in exercise-based cardiac rehabilitation after heart valve surgery: results from the national CopenHeart survey. Eur J Prev
Cardiol 2015 Jun;22(6):710-718. [doi: 10.1177/2047487314536364] [Medline: 24857890]

Hansen TB, Zwisler AD, Berg SK, SibilitzKL, BuusN, Lee A. Cardiac rehabilitation patients perspectives on the recovery
following heart valve surgery: a narrative analysis. J Adv Nurs 2016 May;72(5):1097-1108. [doi: 10.1111/jan.12904]
[Medline: 26799453]

Heran BS, Chen JM, Ebrahim S, Moxham T, Oldridge N, Rees K, et al. Exercise-based cardiac rehabilitation for coronary
heart disease. Cochrane Database Syst Rev 2011 Jul 06(7):CD001800 [FREE Full text] [doi:
10.1002/14651858.CD001800.pub?] [Medline: 21735386]

Parmanto B, Saptono A. Telerehabilitation: state-of-the-art from an informatics perspective. Int J Telerehabil 2009;1(1):73-84
[FREE Full text] [doi: 10.5195/ijt.2009.6015] [Medline: 25945164]

Brennan DM, Tindall L, Theodoros D, Brown J, Campbell M, ChristianaD, American Telemedicine Association. A blueprint
for tel erehabilitation guidelines--October 2010. Telemed J E Health 2011 Oct;17(8):662-665. [doi: 10.1089/tmj.2011.0036]
[Medline: 21790271]

Rawstorn JC, Gant N, Direito A, Beckmann C, Maddison R. Telehealth exercise-based cardiac rehabilitation: a systematic
review and meta-analysis. Heart 2016 Aug 01;102(15):1183-1192. [doi: 10.1136/heartjnl-2015-308966] [Medline: 26936337]
Huang K, LiuW, He D, Huang B, Xiao D, Peng Y, et al. Telehealth interventions versus center-based cardiac rehabilitation
of coronary artery disease: a systematic review and meta-analysis. Eur J Prev Cardiol 2015 Aug;22(8):959-971. [doi:
10.1177/2047487314561168] [Medline: 25488550]

Scherrenberg M, Falter M, Dendale P. Cost-effectiveness of cardiac telerehabilitation in coronary artery disease and heart
failure patients: systematic review of randomized controlled trials. Eur Hear J2020;1(1):20-29. [doi: 10.1093/ehjdh/ztaa005]
Frederix |, Vanhees L, Dendale P, Goetschalckx K. A review of telerehabilitation for cardiac patients. J Telemed Telecare
2015 Jan;21(1):45-53. [doi: 10.1177/1357633X 14562732] [Medline: 25475219]

XulL, LiF ZhouC, Li J, Hong C, Tong Q. The effect of mobile applicationsfor improving adherencein cardiac rehabilitation:
a systematic review and meta-analysis. BMC Cardiovasc Disord 2019 Jul 12;19(1):166 [FREE Full text] [doi:
10.1186/s12872-019-1149-5] [Medline: 31299903]

Dinesen B, Dittmann L, Gade JD, Jargensen CK, Hollingdal M, Leth S, et al. "Future patient” telerehabilitation for patients
with heart failure: protocol for arandomized controlled trial. IMIR Res Protoc 2019 Sep 19;8(9):€14517 [FREE Full text]
[doi: 10.2196/14517] [Medline: 31538944]

Cichosz SL, Udsen FW, Hejlesen O. The impact of telehealth care on health-related quality of life of patients with heart
failure: results from the Danish TeleCare North heart failure trial. J Telemed Tel ecare 2020;26(7-8):452-461. [doi:
10.1177/1357633X19832713] [Medline: 30975047]

AvilaA, Claes J, Goetschalckx K, Buys R, Azzawi M, Vanhees L, et al. Home-based rehabilitation with telemonitoring
guidance for patients with coronary artery disease (short-term results of the TRiCH study): randomized controlled trial. J
Med Internet Res 2018 Jun 22;20(6):€225 [FREE Full text] [doi: 10.2196/jmir.9943] [Medline: 29934286]

https://rehab jmir.org/2022/2/e34819 JMIR Rehabil Assist Technol 2022 | vol. 9 | iss. 2 [€34819 | p.122

(page number not for citation purposes)


http://dx.doi.org/10.1177/1556984520978316
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33491539&dopt=Abstract
http://dx.doi.org/10.1002/14651858.CD010876.pub3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33962483&dopt=Abstract
https://www.mdpi.com/resolver?pii=jcm10040810
http://dx.doi.org/10.3390/jcm10040810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33671340&dopt=Abstract
http://dx.doi.org/10.1177/2047487316686442
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28071146&dopt=Abstract
https://pilotfeasibilitystudies.biomedcentral.com/articles/10.1186/s40814-018-0363-8
https://pilotfeasibilitystudies.biomedcentral.com/articles/10.1186/s40814-018-0363-8
http://dx.doi.org/10.1186/s40814-018-0363-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30564436&dopt=Abstract
https://openheart.bmj.com/lookup/pmidlookup?view=long&pmid=31168371
http://dx.doi.org/10.1136/openhrt-2018-000922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31168371&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1936-8798(19)30630-2
https://linkinghub.elsevier.com/retrieve/pii/S1936-8798(19)30630-2
http://dx.doi.org/10.1016/j.jcin.2019.02.049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31000014&dopt=Abstract
http://dx.doi.org/10.1177/2047487314536364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24857890&dopt=Abstract
http://dx.doi.org/10.1111/jan.12904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26799453&dopt=Abstract
http://europepmc.org/abstract/MED/21735386
http://dx.doi.org/10.1002/14651858.CD001800.pub2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21735386&dopt=Abstract
http://europepmc.org/abstract/MED/25945164
http://dx.doi.org/10.5195/ijt.2009.6015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25945164&dopt=Abstract
http://dx.doi.org/10.1089/tmj.2011.0036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21790271&dopt=Abstract
http://dx.doi.org/10.1136/heartjnl-2015-308966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26936337&dopt=Abstract
http://dx.doi.org/10.1177/2047487314561168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25488550&dopt=Abstract
http://dx.doi.org/10.1093/ehjdh/ztaa005
http://dx.doi.org/10.1177/1357633X14562732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25475219&dopt=Abstract
https://bmccardiovascdisord.biomedcentral.com/articles/10.1186/s12872-019-1149-5
http://dx.doi.org/10.1186/s12872-019-1149-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31299903&dopt=Abstract
https://www.researchprotocols.org/2019/9/e14517/
http://dx.doi.org/10.2196/14517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31538944&dopt=Abstract
http://dx.doi.org/10.1177/1357633X19832713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30975047&dopt=Abstract
https://www.jmir.org/2018/6/e225/
http://dx.doi.org/10.2196/jmir.9943
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29934286&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Brocki et &

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

Beckie TM. Utility of home-based cardiac rehabilitation for older adults. Clin Geriatr Med 2019 Nov;35(4):499-516. [doi:
10.1016/j.cger.2019.07.003] [Medline: 31543181]

Brouwers RW, van Exel HJ, van Hal JM, Jorstad HT, de Kluiver EP, Kraaijenhagen RA, Committee for Cardiovascular
Prevention and Cardiac Rehabilitation of the Netherlands Society of Cardiology. Cardiac tel erehabilitation asan alternative
to centre-based cardiac rehabilitation. Neth Heart J 2020;28(9):443-451 [FREE Full text] [doi: 10.1007/s12471-020-01432-y]
[Medline: 32495296]

Heart T, Kalderon E. Older adults: arethey ready to adopt health-related ICT? Int JMed Inform 2013 Nov;82(11):€209-e231.
[doi: 10.1016/j.ijmedinf.2011.03.002] [Medline: 21481631]

Jargensen BB, Gregersen M, Pallesen SH, Damsgaard EM. A group-based real-time videoconferencing telerehabilitation
programme in recently discharged geriatric patients: afeasibility study. Eur Geriatr Med 2021 Aug;12(4):801-808 [FREE
Full text] [doi: 10.1007/s41999-020-00444-6] [Medline: 33544388]

Marcin T, Bengel C, Goldberg T, Peterhans J, Eser P, Wilhelm M. Patient interest in mHealth as part of cardiac rehabilitation
in Switzerland. Swiss Med WKkly 2021 Apr 26;151:w20510 [FREE Full text] [doi: 10.4414/smw.2021.20510] [Medline:
34000738]

Spindler H, Leerskov K, Joensson K, Nielsen G, Andreasen JJ, Dinesen B. Conventional rehabilitation therapy versus
telerehabilitation in cardiac patients: a comparison of motivation, psychological distress, and quality of life. Int J Environ
Res Public Health 2019 Feb 12;16(3):512 [FREE Full text] [doi: 10.3390/ijerph16030512] [Medline: 30759761]

Thorup CB, Brock BC, Andreasen J, Andreasen JJ, Aarge J, Dinesen BI. Co-creation of atelerehabilitation program for
patients following transcatheter aortic valveimplantation (TAV1). In: Proceedings of the 12th Joint Scandinavian Conference
in Cardiothoracic Surgery. 2021 Presented at: SATS'21; September 8-10, 2021; Bergen, Norway p. 13 URL: https://sats2021.
no/wp-content/uploads/2021/09/26.09.21-Abstract-SATNU.pdf [doi: 10.2196/34819]

Eldridge SM, Chan CL, Campbell MJ, Bond CM, Hopewell S, Thabane L, PAFS consensus group. CONSORT 2010
statement: extension to randomised pilot and feasibility trials. Pilot Feasibility Stud 2016;2:64 [FREE Full text] [doi:
10.1186/s40814-016-0105-8] [Medline: 27965879]

Forlgb ved indsadtelse af stentklap i hjertet. Aalborg Universitetshospital. 2020. URL: https://aalborguh.rn.dk/tel etavi
[accessed 2021-10-14]

National Klinisk Retningslinje for Hjerterehabilitering. Sundhedsstyrelsen. 2013. URL : https.//www.sst.dk/da/udgivel ser/
2015/~/media/401919781c684ee9aae544eb5e76847h.ashx [accessed 2022-04-06]

Borg GA. Perceived exertion. Exerc Sport Sci Rev 1974;2:131-153. [Medline: 4466663]

ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories. ATS statement: guidelines for
the six-minute walk test. Am J Respir Crit Care Med 2002 Jul 01;166(1):111-117. [doi: 10.1164/ajrccm.166.1.at1102]
[Medline: 12091180]

Thorborg K, Beyer N, Magnusson P. Mélemetoder i forebyggelse, behandling og rehabilitering: teori og anvendelse. 2nd
edition. Copenhagen, Denmark: Munksgaard; 2010:37.

Hinterbuchner L, Strohmer B, Hammerer M, Prinz E, Hoppe UC, Schernthaner C. Frailty scoring in transcatheter aortic
valve replacement patients. Eur J Cardiovasc Nurs 2016 Oct;15(6):384-397. [doi: 10.1177/1474515115596640] [Medline:
26216870]

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]
Grgnset CN, Thygesen LC, Berg SK, Zangger G, Kristensen MS, Sibilitz KL, et al. Measuring HRQoL following heart
valve surgery: the HeartQoL questionnaire is avalid and reliable core heart disease instrument. Qual Life Res 2019
May;28(5):1245-1253. [doi: 10.1007/s11136-018-02098-1] [Medline: 30610503]

Oldridge N, Hofer S, McGee H, Conroy R, Doyle F, Saner H, (for the HeartQoL Project Investigators). The HeartQoL :
part 11. Validation of a new core health-related quality of life questionnaire for patients with ischemic heart disease. Eur J
Prev Cardiol 2014 Jan;21(1):98-106. [doi: 10.1177/2047487312450545] [Medline: 22822180]

Andreasen J, Sgrensen EE, Gobbens RJ, Lund H, Aadahl M. Danish version of the Tilburg Frailty Indicator--trand ation,
cross-cultural adaption and validity pretest by cognitive interviewing. Arch Gerontol Geriatr 2014;59(1):32-38. [doi:
10.1016/j.archger.2014.02.007] [Medline: 24680192]

Kvale S, Brinkmann S. InterViews: learning the craft of qualitative research interviewing. 2nd edition. Copenhagen,
Denmark: Sage Publications; 2009.

Macefield R. How to specify the participant group size for usability studies: a practitioner's guide. J Usability Stud
2009;5(1):34-45 [FREE Full text]

Vaismoradi M, Turunen H, Bondas T. Content analysis and thematic analysis: implications for conducting a qualitative
descriptive study. Nurs Health Sci 2013 Sep;15(3):398-405. [doi: 10.1111/nhs.12048] [Medline: 23480423]

NVivo. QSR International. URL : https.//www.gsrinternational.com/nvivo-qualitative-data-anal ysi s-software/home/ [accessed
2021-10-14]

Fetters MD, Curry LA, Creswell JW. Achieving integration in mixed methods designs-principles and practices. Health
Serv Res 2013 Dec;48(6 Pt 2):2134-2156 [FREE Full text] [doi: 10.1111/1475-6773.12117] [Medline: 24279835]

https://rehab jmir.org/2022/2/e34819 JMIR Rehabil Assist Technol 2022 | vol. 9 | iss. 2 [€34819 | p.123

(page number not for citation purposes)


http://dx.doi.org/10.1016/j.cger.2019.07.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31543181&dopt=Abstract
http://europepmc.org/abstract/MED/32495296
http://dx.doi.org/10.1007/s12471-020-01432-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32495296&dopt=Abstract
http://dx.doi.org/10.1016/j.ijmedinf.2011.03.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21481631&dopt=Abstract
http://europepmc.org/abstract/MED/33544388
http://europepmc.org/abstract/MED/33544388
http://dx.doi.org/10.1007/s41999-020-00444-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33544388&dopt=Abstract
https://doi.emh.ch/10.4414/smw.2021.20510
http://dx.doi.org/10.4414/smw.2021.20510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34000738&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph16030512
http://dx.doi.org/10.3390/ijerph16030512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30759761&dopt=Abstract
https://sats2021.no/wp-content/uploads/2021/09/26.09.21-Abstract-SATNU.pdf
https://sats2021.no/wp-content/uploads/2021/09/26.09.21-Abstract-SATNU.pdf
http://dx.doi.org/10.2196/34819
https://pilotfeasibilitystudies.biomedcentral.com/articles/10.1186/s40814-016-0105-8
http://dx.doi.org/10.1186/s40814-016-0105-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27965879&dopt=Abstract
https://aalborguh.rn.dk/teletavi
https://www.sst.dk/da/udgivelser/2015/~/media/401919781c684ee9aae544eb5e76847b.ashx
https://www.sst.dk/da/udgivelser/2015/~/media/401919781c684ee9aae544eb5e76847b.ashx
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4466663&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm.166.1.at1102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12091180&dopt=Abstract
http://dx.doi.org/10.1177/1474515115596640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26216870&dopt=Abstract
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/10.1007/s11136-018-02098-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30610503&dopt=Abstract
http://dx.doi.org/10.1177/2047487312450545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22822180&dopt=Abstract
http://dx.doi.org/10.1016/j.archger.2014.02.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24680192&dopt=Abstract
https://uxpajournal.org/how-to-specify-the-participant-group-size-for-usability-studies-a-practitioners-guide/
http://dx.doi.org/10.1111/nhs.12048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23480423&dopt=Abstract
https://www.qsrinternational.com/nvivo-qualitative-data-analysis-software/home/
http://europepmc.org/abstract/MED/24279835
http://dx.doi.org/10.1111/1475-6773.12117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24279835&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Brocki et &

47. ThomasRJ, Beatty AL, Beckie TM, Brewer LC, Brown TM, Forman DE, et al. Home-based cardiac rehabilitation: a
scientific statement from the American association of cardiovascular and pulmonary rehabilitation, the American Heart
Association, and the American College of Cardiology. JAm Coll Cardiol 2019 Jul 09;74(1):133-153 [FREE Full text] [doi:
10.1016/j.jacc.2019.03.008] [Medline: 31097258]

48. Tassy A, Nielsen MB, Jakobsen DT, Teknologi F, Statistik KD. It-anvendelse i befolkningen. Danmarks Statistik. 2019.
URL: https://www.dst.dk/Site/Dst/Udgivel ser/GetPubFil e.aspx 7 d=29449& sid=itbef2019 [accessed 2022-04-06]

49.  Ambrosetti M, Abreu A, Corra U, Davos CH, Hansen D, Frederix |, et a. Secondary prevention through comprehensive
cardiovascular rehabilitation: from knowledge to implementation. 2020 update. A position paper from the Secondary
Prevention and Rehabilitation Section of the European Association of Preventive Cardiology. Eur J Prev Cardiol
2021;28(5):460. [doi: 10.1177/2047487320913379] [Medline: 33611446]

50. Scherrenberg M, Wilhelm M, Hansen D, Véller H, Cornelissen V, Frederix I, et a. The future is now: acall for action for
cardiac telerehabilitation in the COVID-19 pandemic from the secondary prevention and rehabilitation section of the
European Association of Preventive Cardiology. Eur J Prev Cardiol 2021;28(5):524. [doi: 10.1177/2047487320939671]
[Medline: 32615796]

51. Eichler S, Voller H, Reibis R, Wegscheider K, Butter C, Harnath A, et al. Geriatric or cardiac rehabilitation? Predictors of
treatment pathways in advanced age patients after transcatheter aortic valve implantation. BMC Cardiovasc Disord 2020
Apr 06;20(1):158 [FREE Full text] [doi: 10.1186/s12872-020-01452-x] [Medline: 32252646]

52. RussoN, CompostellaL, Tarantini G, Setzu T, Napodano M, Bottio T, et al. Cardiac rehabilitation after transcatheter versus
surgical prosthetic valve implantation for aortic stenosis in the elderly. Eur J Prev Cardiol 2014 Nov;21(11):1341-1348.
[doi: 10.1177/2047487313494029] [Medline: 23757283]

53. Butter C, Grof3 J, Haase-Fielitz A, Sims H, Deutsch C, Bramlage P, et al. Impact of rehabilitation on outcomes after TAVI:
apreliminary study. J Clin Med 2018 Oct 05;7(10):326 [ FREE Full text] [doi: 10.3390/jcm7100326] [Medline: 30301135]

54. Penati C, IncorvaiaC, Mollo V, Lietti F, Gatto G, Stefanelli M, et al. Cardiac rehabilitation outcome after transcatheter
aortic valve implantation. Monaldi Arch Chest Dis 2021 Apr 13;91(2):10.4081 [FREE Full text] [doi:
10.4081/monal di.2021.1621] [Medline: 33849260]

Abbreviations

CONSORT: Consolidated Standards of Reporting Trials
CR: cardiac rehabilitation

CTR: cardiac telerehabilitation

GDPR: General Data Protection Regulation

I T: information technology

REDCap: Research Electronic Data Capture

TAVI: transcatheter aortic valve implantation

Edited by T Leung; submitted 10.11.21; peer-reviewed by M Falter, T Kaihara; commentsto author 14.12.21; revised version received
01.02.22; accepted 21.03.22; published 26.04.22.

Please cite as:

Brocki BC, Andreasen JJ, Aaroe J, Andreasen J, Thorup CB

Exercise-Based Real-time Telerehabilitation for Older Adult Patients Recently Discharged After Transcatheter Aortic Valve Implantation:
Mixed Methods Feasibility Study

JMIR Rehabil Assist Technol 2022;9(2):e34819

URL: https://rehab.jmir.org/2022/2/€34819

doi:10.2196/34819

PMID: 35471263

©Barbara Cristina Brocki, Jan Jesper Andreasen, Jens Aaroe, Jane Andreasen, Charlotte Brun Thorup. Originally published in
JMIR Rehabilitation and Assistive Technology (https://rehab.jmir.org), 26.04.2022. 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/2022/2/e34819 JMIR Rehabil Assist Technol 2022 | vol. 9 | iss. 2 [€34819 | p.124
(page number not for citation purposes)


http://europepmc.org/abstract/MED/31097258
http://dx.doi.org/10.1016/j.jacc.2019.03.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31097258&dopt=Abstract
https://www.dst.dk/Site/Dst/Udgivelser/GetPubFile.aspx?id=29449&sid=itbef2019
http://dx.doi.org/10.1177/2047487320913379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33611446&dopt=Abstract
http://dx.doi.org/10.1177/2047487320939671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32615796&dopt=Abstract
https://bmccardiovascdisord.biomedcentral.com/articles/10.1186/s12872-020-01452-x
http://dx.doi.org/10.1186/s12872-020-01452-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32252646&dopt=Abstract
http://dx.doi.org/10.1177/2047487313494029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23757283&dopt=Abstract
https://www.mdpi.com/resolver?pii=jcm7100326
http://dx.doi.org/10.3390/jcm7100326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30301135&dopt=Abstract
https://doi.org/10.4081/monaldi.2021.1621
http://dx.doi.org/10.4081/monaldi.2021.1621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33849260&dopt=Abstract
https://rehab.jmir.org/2022/2/e34819
http://dx.doi.org/10.2196/34819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35471263&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Horder et a

Original Paper

Digitally Delivered Exercise and Education Treatment Program
for Low Back Pain: Longitudinal Observational Cohort Study

HelenaHorder?, PhD; Hakan Nero', PhD; MajdaMisini Ignjatovic?, PhD; Ali Kiadaliri®, PhD; L Stefan Lohmander?,
MD, PhD; Leif E Dahlberg', MD, PhD; Allan Abbott*, PhD

1Department of Clinical Sciences Lund, Orthopaedics, Lund University, Lund, Sweden

2Department of Science, Joint Academy, Malmd, Sweden

SClinical Epidemiology Unit, Department of Clinical Sciences Lund, Orthopaedics, Lund University, Lund, Sweden
4Unit of Physiotherapy, Department of Health, Medicine and Caring Science, Linkdping University, Linkdping, Sweden

Corresponding Author:

Helena Horder, PhD

Department of Clinical Sciences Lund
Orthopaedics

Lund University

Wigerthuset Remissgatan 4

Lund, 221 85

Sweden

Phone: 46 46 222 9695

Email: helena@jointacademy.com

Abstract

Background: Exercise and education is recommended as first-line treatment by evidence-based, international guidelines for
low back pain (LBP). Despite consensus regarding the treatment, thereisagap between guidelines and what is offered to patients.
Digital LBP treatments are an emerging way of delivering first-line treatment.

Objective: Theam of this study isto evaluate outcomes after participation in a 3-month digitally delivered treatment program
for individuals with subacute or chronic LBP.

Methods: We analyzed data from 2593 consecutively recruited participantsin adigitally delivered treatment program, available
via the national health care system in Sweden. The program consists of video-instructed and progressive adaptable exercises,
education through text lessons, and achat and video function connecting participants with apersonal physiotherapist. The primary
outcome was mean change and proportion reaching a minimal clinically important change (MCIC) for LBP (2 points or 30%
decrease) assessed with the numerical rating scale (average pain during the past week, discrete boxes, 0-10, best to worst).
Secondary outcomeswere mean change and proportion reaching M CIC (10 points or 30%) in disability, assessed with the Oswestry
Disahility Index (ODI; 0-100, best to worst) and a question on patient acceptable symptom state (PASS).

Results: The mean participant age was 63 years, 73.85% (1915/2593) were female, 54.72% (1419/2593) had higher education,
50.56% (1311/2593) were retired, and the mean BMI was 26.5 kg/m2. Participants completed on average 84% of the prescribed
exercises and lessons, with an adherence of 280% in 69.26% (1796/2593) and 290% in 50.13% (1300/2593) of the participants.
Mean reduction in pain from baseline to 3 monthswas 1.7 (95% Cl —1.8 to —1.6), corresponding to a 35% relative change. MCIC
was reached by 58.50% (1517/2593) of participants. ODI decreased 4 points (95% Cl —4.5 to —3.7), and 36.48% (946/2593)
reached an MCIC. A change from no to yes in PASS was seen in 30.35% (787/2593) of participants. Multivariable analysis
showed positive associations between reaching an MCIC in pain and high baseline pain (odds ratio [OR] 1.9, 95% CI 1.6-2.1),
adherence (OR 1.5, 95% CI 1.3-1.8), and motivation (OR 1.2, 95% CI 1.0-1.5), while we found negative associations for wish
for surgery (OR 0.6, 95% CI 0.5-0.9) and pain in other joints (OR 0.9, 95% CI 0.7-0.9). We found no associations between
sociodemographic characteristics and pain reduction.

Conclusions: Participants in this digitally delivered treatment for LBP had reduced pain at 3-month follow-up, and 58.50%
(1517/2593) reported an MCIC in pain. Our findings suggest that digital treatment programs can reduce pain at clinically important
levelsfor peoplewith high adherence to treatment but that those with such severe L BP problemsthat they wish to undergo surgery
may benefit from additional support.

Trial Registration: Clinical Trials.gov NCT05226156; https://clinicaltrials.gov/ct2/show/NCT05226156
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Introduction

Methods

Low back pain (LBP) is the leading cause of years lived with
disability worldwide [1]. Exercise and education is
recommended as first-line treatment in clinical guidelines, but
ineffective health care resources are too often used, providing
low-value or at worst, harmful care [2].

The BetterBack model of care was developed and tested in
primary care clinics in Sweden to facilitate guideline
implementation [3]. Its biopsychosocia approach includes a
face-to-face structured assessment by a physiotherapist (PT),
education, and individualized exercises focusing on the core
and back muscles. In a stepped-clustered randomized study,
participants in the program did not differ in pain and disability
compared to a group receiving routine physiotherapy care but
reported higher satisfaction along with clinically meaningful
improvement in LBP illness perception and quality of life [4].

Telehealth, defined as the “delivery of healthcare at a distance
using information and communication technology” (ICT) has
been rapidly adopted during the COVID-19 pandemic [5,6]. It
may help overcome barriers in traditional face-to-face
interventions, such as limited access, low adherence, lack of
flexibility, and travel costs [7-9]. Systematic reviews suggest
that ICT increases exercise adherence and may provide pain
and function improvements similar to or better than those
provided by faceto-face treatment for a variety of
muscul oskeletal (M SK) conditions [10-13].

Indigital LBP treatment, published results showed considerable
heterogeneity between studies with possible positive effects on
pain and disability in the short-term [13-18]. However, sample
sizes were small with participants being predominantly of
working age.

To our knowledge, this study is the first to report real-world
datacollected from an LBP treatment app that is part of apublic
health care system. Theaimisto evaluate change and proportion
of respondersin pain as a primary outcome, and disability and
patient acceptable symptom state (PASS) as secondary
outcomes; and to examineif sociodemographic, baseline health,
and treatment-rel ated factors are associated with pain reduction.

https://rehab.jmir.org/2022/2/€38084

Ethics Approval

This was a longitudinal observational cohort study with
consecutively recruited participants, approved by the Swedish
Ethical Review Authority (diary #2021-04183, 2021-12-20)
and registered at Clinical Trials.gov (NCT05226156). Digital
informed consent was obtained from participants at registration.
The study adheresto the STROBE (Strengthening the Reporting
of Observational Studies in Epidemiology) guidelines for
observationa studies[19].

Sample

Datawere extracted from the database on March 16, 2022, and
included al people that had given their informed consent and
initiated their LBP treatment between April 27, 2021, and
December 16, 2021 (Figure 1).

Participants joined the Joint Academy (JA) program on their
own initiative via online advertisements and campaigns placed
on search engines and socia networksthrough recommendation
by their local PT or genera practitioner, or through their
insurance company. Inclusion criteria for treatment were the
following: an age >18 years and presence of subacute or chronic
LBP (including nonspecific LBP, disc degeneration, spondylosis,
spinal stenosis [20], olisthesis). Participants without a prior
clinical diagnosis of nonspecific LBP (diagnosis code ICD-10
M54.5) required a clinical diagnosis confirmed by a PT via
telephone or video call. In the app, participants first need to
negate recent trauma within 0 to 6 months and symptoms of
cauda equinasyndromein order to beregistered in the program.
At the start-up consultation with the PT, further exclusion
criteria were considered before eligibility: malignant disease
with or without suspected metastasis, fracture or vertebral
compression within 6 months, and infection. If there were
uncertainties regarding diagnosis or comorbidities, candidate
participants were recommended to seek face-to-face care before
inclusion in the program. Additional relative exclusion criteria
were assessed by the PT: previous or current cancer or
involuntary weight loss, radiculopathy below the knee,
opioid-demanding pain or pain while resting, inflammatory
back pain, pregnancy or postpregnancy, and older participants
(>75years) with multiple diseasesand/or structural deformities
(eg, scoliosis).
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Figure 1. Flowchart of participantsin the digital treatment for low back pain.

Answered the baseline health form
(n=4697),
out of whom 75% gave informed consent to
research
(n=3520)

Answered the 3-month health form
and were included in outcome analysis
(n=2593),
out of whom 69% had 280% adherence
(n=1796)
and 50% had 290% adherence
(n=1300)

The Digital Treatment Program

The treatment program is available via the national health care
system for all residents in Sweden. The procedure issimilar to
that of other JA (see Multimedia Appendix 1) programs
managing osteoarthritisand MSK aillments[21,22]. Thedigital
LBP program wasinspired by the face-to-face BetterBack model
of care[3,4].

Briefly, the program consists of a mobile app with 2 daily
distributed individualized and progressively adaptable video
exercises, focusing on strengthening the lower back, glutes, and
core musculature. Short sessions of patient education are also
delivered 2-3 times per week, followed by a quiz question to
ensure theinformation has been understood properly. Correctly
answering the quiz is mandatory to be able to continue the
program. The program offers a peer-support chat room, and a
registered PT supervisesthe participant and is available through
a continuous asynchronous chat function during the full
participation period. The program also contains 3 compulsory
telephone or video consultations with the PT, 1 at the start, 1
after 6 weeks, and 1 after 3 months.

Variables

All participants answered rel evant soci odemographic questions
at baseline including those regarding sex, education, and work
situation, using the question “ Which alternative describes your
current situation best?” (working, studying, sick leavefull-time,
sick leave part-time, retired, unemployed); weight and height,
painin other joints, and generd health, using the question “Mark
on the scale how good or bad your current healthis?’ as assessed

https://rehab.jmir.org/2022/2/€38084
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with the numerical rating scale (NRS; 0-10,worst imaginable
to best imaginable); anxiety or depression according to the
EQ-5D-5L (level 1-5, no problems to severe problems) [23];
medications, using the question “In the past months, have you
taken any medication for the pain in your lower back ?’ (yes or
no); wish to undergo surgery, using the question “Are your
symptoms so severe that you wish to undergo surgery?’ (yes
or no); physical activity, using the question “How much time
do you spend in a typical week on daily physical activity that
isnot exercise, such aswalking, cycling or gardening?’ (7-grade
scale: 0, <30, 30-60, 60-90, 90-150, 150-300, >300
minutes/week) [24]; and motivation or readinessfor exercising,
using the question “How ready are you to start doing back
exercises on a daily basis? (NRS 0-10, not at al ready to
extremely ready).

All questions were answered by self-report and collected
digitally through the app. Pain was assessed weekly, and alarger
health questionnaire was used at baseline and at 3-month
follow-up.

Primary Outcome

LBP was assessed using the NRS (discrete boxes), with the
instruction “Mark on the scale your average pain from your
lower back in the past week,” followed by a O to 10-digital
scalewhereOindicates“No pain” and 10 indicates“ Unbearabl e’
[25]. An absolute improvement in back pain of =2 points or a
relative improvement of 30% from baseline to 3 months was
used to describe aminimal clinically important change (MCIC),
in line with practical guidelines toward consensus in reporting
MCICinLBP[26].
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Secondary Outcomes

The Oswestry Disability Index (ODI) version 2.1awas used to
assess LBP-related disability. The ODI is divided into 10
sectionsto assessthelevel of pain and interference with several
activities including sleep, self-care, sex life, socia life, and
traveling. Each question has 6 possible responses and is scored
from 0 to 5 (good to bad). The score for each section is added
and divided by the total possible score (50 if all sections are
completed), and the resulting scoreismultiplied by 100toyield
apercentage score with 0% equivalent to no disability and 100%
equivalent to a great dea of disability [27]. An absolute
improvement of =10 points or arelative improvement of 30%
from baseline to 3 months was used to describe MCIC, in line
with guidelines toward consensus in reporting MCIC in LBP
[26].

Radiating pain was assessed using the NRS (discrete boxes),
with the instruction “Mark on the scale how much pain you
have radiating down your leg,” followed by a 0 to 10-digital
scale, where O indicates “No pain” and 10 indicates
“Unbearable” [25].

PA SSwas assessed at baseline and foll ow-up with the question:
“ Considering your lower back function, do you feel that your
current state is satisfactory? With lower back function you
should take into account all activities you have during your
daily life, sport and recreational activities, your level of pain
and other symptoms, and al so your quality of liferelated to your
lower back” (yes or no). The PASS is a treatment-response
criterion developed to determine the clinical relevance of a
treatment effect [28]. Answering nois referred to as PASS(-),
yesisreferred to asPASS (+), and changing from no at baseline
to yes at 3 months as PASS(—to+).

Treatment Failure and Adver se Events

If the answer to the PASS question was no, a question of
treatment failure was asked at follow-up: “Would you consider
your current state as being so unsatisfactory that you think the
treatment has failed?’ (yes or no).

Adverse events were assessed with the question: “Have you
experienced any unwanted side effects of your Joint Academy
treatment?’ (yes or no). If the answer was yes, a follow-up
question was asked: “What type of unwanted side effect?’
(choices: severe pain not relieved after 24 hours, afall or injury
during exercising, other).

Adherence

We defined adherence as the percentage of completed activities
out of those delivered to the participants over the course of the
treatment period (2 exercises per day and 3-4 educational texts
per week). As participants had to check an obligatory box after
every exercise and educational text to be ableto continuein the
program, an estimate of the weekly adherence was availablein
the dashboard of thetreating PT. The commonly used adherence
cutoff of =80% (in this program referring to performing
activities =5 days a week) was considered as a lower limit for
satisfactory adherence [29].

Information on the number of chat interactions with the PT,
initiated either by the PT or the participant, and onif participants
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choseto take part in an optional peer support group (yes or no)
during the treatment was also available through the app.

Dropout was defined as having baseline data and starting the
treatment, but not continuing until the 3-month follow-up. The
week for the latest registered exercise or educational text was
used to define the dropout week.

Statistical Analysis

To describe the sample, we use mean and SD, frequency, and
percentage.

For outcomes at 3 months, we calculated median (percentile),
mean (95% ClI), and proportions for the total sample and for
per protocol samples with =80% and =90% adherence. The
paired t test was used to calculate mean change from baseline
to 3 months, and McNemar test was used to calculate change
in proportions. One-way analysis of variance (ANOVA) was
performed in order to detect potential differences in pain
reduction at 3 months between groups with different adherence
levels (<40%,40%-49%, 50%-59%, 60%-69%, 70%-79%,
80%-89%, and 90%-100%). We al so present weekly mean (95%
Cl) pain during the 3 months, stratified by baseline pain and
adherence.

We used univariable logistic regressions to explore variables
associated with reaching an MCIC in pain and proportion,
reporting achange from no to yesin PASS(—to+). Thefollowing
variables were selected based on previous research [30,31]:
sociodemographic (sex, age, occupational status, educational
level), basdline health-related (BMI, NRS LBP, NRS radiating
pain, pain medications, wish for surgery, pain in other joints,
depression or anxiety, general health, physical activity), and
treatment-related (motivation, adherence, interactions with PT,
participation in a peer group). For PASS(—to+), we included
only those answering no to PASS at baseline (n=2080) and we
included reaching MCIC in pain as an independent variable.

We also used multivariable logistic regression, including all
variables irrespective of bivariate P value. A test for
multicollinearity showed varianceinflation factor values below
2.5 for al variables, except for age and occupational status. As
multicollinearity could be excluded for all other independent
variables, they were al included in the multivariate analyses.
Oddsratios (ORs) and 95% Clswere cal cul ated and considered
statistically significant if the 95% CI did not include 1.

Data analysis was performed using the Python Library
Statsmodel version 0.13.2 [32].

Results

Participant Characteristics

A total of 4697 individuals answered the baseline questionnaire,
of whom 74.94% (3520/4697) had given their informed consent.
Out of these, 73.66% (2593/3520) answered the 3-month
guestionnaire and wereincluded in the outcome analyses (Figure
1). Mean participant age was 63 years, 73.85% (1915/2593)
were female, 54.72 % (1419/2593) had a university level
education, and 50.56% (1311/2593) wereretired (Table 1).
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Table 1. Characteristics of participantsin digitally delivered exercise and education treatment for low back pain (N=2593).
Variables Values
Sociodemographic characteristics
Female, n (%) 1915 (73.85)
Age (years), mean (SD) 63.0 (11.0)
Educational level, n (%)
Have not graduated high school 221 (8.52)
Graduated high school 953 (36.75)
College/university degree 1419 (54.72)
Occupational status, n (%)
Working 1093 (42.15)
Studying 20 (0.77)
Sick leave full-time 67 (2.58)
Sick leave part-time 47 (1.81)
Retired 1311 (50.56)
Unemployed 55(2.1)
Baseline health-related char acteristics
BMI (kg/m?), mean (SD) 26.5 (4.4)
Baseline pain, NRS? (0-10), mean (SD) 4.9 (1.9)
Reported radiating pain (>0 NRS), n (%) 1630 (62.86)
Pain medications for back pain during last month, yes, n (%) 1252
(59.36)°
Problem severity such that surgery is desired, n (%) 138 (5.32)
Presence of pain in other joints, n (%) 1956 (75.43)
Depression or anxiety (any problem = level 2-5 EQ-5D-5L), n (%) 1351 (52.10)
Genera health, NRS (0-10), mean (SD) 6.2 (1.6)
Physical activity level, 2150 min/week, n (%) 1065 (40.73)
Motivation/readiness ruler to start exercising (NRS 0-10, not at al to extremely), mean (SD) 9.3(1.3)
Treatment-related characteristics
Adherenceto treatment during 3 months:
Proportion of daily exercises/educational texts completed, mean (SD) 83.9(17.0)
>80% adherence, n (%) 1796 (69.26)
>90% adherence, n (%) 1300(50.13)
Number of chat interactions with the PT¢ during the treatment
Messages received from the PT, mean (SD) 21 (12)
Messages sent to the PT, mean (SD) 9(7)
Participated in peer support group, n (%) 866 (33.40)

3NRS: numerical rating scale.

PDue to technical issuesin the app, the total is 2109.

°PT: physiotherapist.

Dropouts (ie, those who did not continue up to the 3-month
follow-up) accounted for 26.34% (927/3520) of thetotdal basdline

sample (see Multimedia Appendix 2 for graph of dropouts per
week). Compared to the total sample, dropouts differed in most
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baseline- and treatment-related characteristics. For example,
they were more often of working age, more often reported
problems with depression or anxiety, and had a lower physical
activity level at baseline; furthermore, a lower proportion
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participated in apeer group during the treatment (91/927, 9.82%
Vs 866/2593, 33.40%; P<.001; see Multimedia Appendix 2 for
comparison of baseline characteristics).

Adherence

During the 3-month treatment, participants completed on
average 84% of the daily exercises and educational texts. An
adherence of 280% (corresponding to at |east 5 days/week) was
seen in 69.26% (1796/2593) and an adherence of =90%
(corresponding to 6-7 days/week) in 50.13% (1300/2593; Table
1). Those with 290% adherence compared to those with <90%,
were older, more often retired, had lower BMI, and less often
reported problems with anxiety or depression at baselineg;
meanwhile, we observed no difference relative to sex or
educational level (see Multimedia Appendix 2 for comparison
of baseline characteristics).
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Outcomes at 3 Months

The median reduction in LBP from baseline to 3 months was
an NRS of 2 points, and the mean reduction was NRS 1.7 (95%
Cl —1.8t0—1.6) points, corresponding to a 35% relative change.
The mean reduction for ODI was 4.1 (95% CI —4.5 to -3.7)
points, corresponding to a 16% relative change, and the mean
reduction in radiating pain was NRS 0.6 (95% CI 0.7 t0-0.5).
An MCIC in LBP (defined as either NRS = —2 points or 30%
relative reduction) was seen in 58.50% (1517/2593) of
participants, while for ODI (defined as either =10 points or
30% relative reduction), an MCIC occurred in 36.48%
(946/2593). A total of 46.24% (1199/2593) reported yes to
PASS(+) at 3 months, and 30.35% (787/2593) reported achange
from no to yesin PASS(-to+; Table 2).
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Table2. Changein outcomes from baseline to 3-month follow-up among participantsin digitally delivered exercise and education treatment for LBP2

Results are for total sample (N=2593) and for subgroups with =280% (n=1796) and =90% adherence (n=1300).

Horder et al

Baseline 3-month follow-up Change
LBP, NRS
Mean (95% Cl)
Total sample 4.9 (4.8105.0) 32(3.1t103.3) -1.7 (-1.8t0-1.6)
>80% adherence 4.9(4.8105.0) 3.0(29103.1) -1.8(-1.9t0-1.8)
>90% adherence 4.9 (4.8105.0) 3.0(291t03.1) -1.9(-2.0t0-1.8)
Median (Q° 1-Q3)
Total sample 5.0(3.0t06.0) 3.0(2.0t04.0) -2.00
>80% adherence 5.0 (3.0t0 6.0) 3.0(2.0t04.0) -2.00
290% adherence 5.0(3.0t06.0) 3.0(2.0t04.0) —2.00
obl®
Mean (95% Cl)
Total sample 25.5 (25.0 t0 26.0) 21.4(20.9 10 21.9) -4.1(-45t0-3.7)
>80% adherence 25.3(24.7 10 25.9) 21.0(20.4t021.6) -4.3(-4.8t0-3.9)
>90% adherence 25.3 (24.6 10 26.0) 20.9 (20.2t0 21.6 -4.4(-4.9t0-3.8)
Median (95% CI)
Total sample 24.0 (16.0 to 34.0) 20.0 (12.0 to 30.0) -4.00
>80% adherence 24.0 (16.0 to 34.0) 20.0 (12.0 to 30.0) -4.00
>90% adherence 24.0 (16.0 to 34.0) 20.0 (12.0 to 30.0) -4.00
Radiating pain, NRS
Mean (95% Cl)
Total sample 2.3(22t02.4) 1.7(1.6t01.8) —0.6 (-0.7t0-0.5)
>80% adherence 2.3(22102.4) 16 (L5t01.7) -0.7 (-0.6t0-0.8)
>90% adherence 2.3(22t02.4) 16(1.5t01.7) -0.7 (-0.6t0-0.8)
Median (95% Cl)
Total sample 2.0(0.0t04.0) 1.0(0.0t0 3.0) -1.00
>80% adherence 2.0(0.0t04.0) 1.0 (0.0t0 3.0) -1.00
>90% adherence 2.0(0.0t04.0) 1.0(0.0t0 3.0) -1.00
Reachingan MCICE®in LBP, n (%)
Total sample N/Af 1517 (58.50) N/A
>80% adherence N/A 1124 (62.58) N/A
290% adherence N/A 833 (64.08) N/A
Reachingan MCIC in ODI, n (%)
Total sample N/A 946 (36.48) N/A
=>80% adherence N/A 671 (37.36) N/A
>90% adherence N/A 484 (37.23) N/A
Patient acceptable symptom state, n (%)
Total sample 513 (19.78) 1199 (46.24) 787 (30.35)
>80% adherence 363 (20.21) 852 (47.44) 556 (30.96)°
>90% adherence 279 (21.26) 647 (49.77) 419 (32.23)9

Considered treatment failed, n (%)
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Baseline 3-month follow-up Change

Total sample N/A 117 (4.51) N/A

>80% adherence N/A 75 (4.18) N/A

>90% adherence N/A 44.(3.38) N/A

Adverse eventsyes, n (%) 63 (2.43)

Event type, n (%)
Pain more than 24 h N/A 16 (25.81) N/A
Fall/injury N/A 1(1.61) N/A
Other N/A 45 (72.58) N/A

& BP: low back pain.
BNRS: numerical rati ng scale; score range 0 to 10 (best to worst).
€Q: quartile.

dopi: Oswestry Disability Index; 0% to 100% (no disability to a great deal of disability).
EMCIC: minimal clinically important change; taken from Ostelo et al (26); pain NRS = absolute improvement of =2 points or relative improvement of

30%; ODI
fN/A: not applicable.

= absolute improvement =10 points or relative improvement of 30%.

9Change in patient acceptable symptom state refers to the proportion that changed from no at baseline to yes at 3-month follow-up.

Pain Reduction Relativeto Adherence and Pain at
Treatment Start

Those with >90% adherence had a greater mean pain reduction
at 3 months compared to those with <90% adherence. The
difference compared to those with 80%-90% adherence was
small but statistically significant with amean pain reduction of

1.9 (95% Cl —2.0 to —1.7) versus 1.6 (95% Cl —1.7 to —1.5;
Figure 2). We observed no differences in mean pain reduction
between those with 80%-90% and those with <80% adherence.
The lowest pain reduction was seen among those with <40%
adherence (0.9; 95% Cl —1.5 to —0.4), with a similar pain
reduction of 0.9 among dropouts at their last weekly measure
before dropping out (95% CI —1.1 to —0.7; Figure 2).

Figure 2. Mean pain reduction from baseline to 3 months stratified by adherence to treatment. Green lines with dots show statistically significant pairs
(analysis of variance P<.05) with all other pairs being nonsignificant. NRS: numerical rating scale.

5

a Pain decrease

ey 11111

Mean change in NRS pain (0-10) at 3 months
o

n=126 n=223 n=301 n=496 n=1300
-1
-2 - -
_3 r—y
-4 Pain increase
-5
X 2 R R xR < R
o o = o) a o) =
I T 0 © R % 3
\ o o o o o iy
= n © ~ @ 8

Adherence level

Weekly pain during the treatment stratified by baseline painis
illustrated in Figure 3. Those in a higher compared to lower
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tertile of baseline pain had a greater absolute and relative mean
pain reduction at 3 months: NRS 2.8 (corresponding to a 38%
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relative change), 2.0 (37% relative change), and 0.9 (28%
relative change) in the 3 tertiles, respectively (ANOVA P<.001
for the differences between all groups; Figure 3). Figure 4

Horder et al

illustrates weekly pain stratified by >90% versus <90%
adherence to treatment.

Figure 3. Weekly mean (95% ClI bars) pain (NRS 0-10) during 3 months participation in digitally delivered exercise and education treatment stratified

by baseline pain. BL: baseline; NRS: numerical rating scale.
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Figure4. Weekly mean (95% ClI bars) pain (NRS 0-10) during 3 months' participation in digitally delivered exercise and education treatment stratified

by adherence. BL: baseline; NRS: numerical rating scale.
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Associations With Reachingan MCIC in Pain at 3
Months

Bivariate analysis showed statistically significant associations
between reaching an MCIC in pain and al sociodemographic
characteristics with higher odds for the following: female
comparedto male (OR 1.4, 95% Cl 1.3-1.5), age=>65 compared
to <65 years (OR 1.5, 95% CI 1.3-1.7), university educated
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compared to not (OR 1.5, 95% CI 1.3-1.6), and retired compared
to working (OR 1.5, 95% CI 1.4-1.7). Variables indicating a
worse baseline health were also datistically significantly
associated with a higher odds of reaching an MCIC in pain as
werethetreatment-rel ated variabl es of high motivation and high
adherence (Table 3).
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Multivariate analysis showed positive associations between
reaching an MCIC in pain and high baseline pain (OR 1.9, 95%
Cl 1.6-2.1), high adherence (OR 1.5, 95% CI 1.3-1.8), and high

Horder et al

motivation (OR 1.2, 95% Cl 1.0-1.4). Further, wefound negative
associations for wish for surgery (OR 0.6, 95% Cl 0.5-0.9) and
pain in other joints (OR 0.9, 95% CI 0.7-0.9; Table 3).

Table3. Variables associated with reaching aminimal clinically important change in LBP? at 3-month follow-up (N=2593).

Bivariate associations

Adjusted/multivariable associations

OR® (95% CI) P value OR (95% Cl) P value
Sociodemographic characteristics
Sex (female) 14 (1.3-1.5) <.001 0.9 (0.8-1.1) 42
Age (=65 years) 15(1.3-1.7) <.001 0.9(0.7-1.2) .34
Educational level (university) 1.5(1.3-1.6) <.001 1.1(11-1.3) 14
Occupational status (retired) 15(1.4-1.7) <.001 1.2(0.9-1.5) .27
Health-related characteristics
BMI (>25) 1.5(1.3-1.6) <.001 1.1(1.1-1.3) 18
Baseline LBP (>5 NRS) 2.0(1.7-2.3) <.001 1.9(1.6-2.1) <.001
Having radiating pain (yes) 1.4(1.3-1.6) <.001 0.9(0.8-1.1) .37
Pain medications (yes) 1.4(1.3-1.6) <.001 1.1(0.8-1.2) .99
Wish for surgery 1.1(0.8-1.6) 5 0.6 (0.5-0.9) .02
Pain in other joints 1.3(1.2-1.5) <.001 0.9 (0.7-0.9) .01
Depression/anxiety 1.4(1.2-1.5) <.001 0.9(0.8-1.1) .24
General health, NRSS (0-10), (above mean) 15(1.317) <.001 11(09-13 36
Physical activity =150 min/week 1.3(1.2-1.5) <.001 0.9 (0.8-1.0) 16
Treatment-related characteristics
High motivation to start treatment (NRS=10) 1.6(1.4-1.7) <.001 1.2(1.0-1.5) .02
>90% adherence to treatment 1.8(1.6-2.0) <.001 15(1.3-1.8) <.001
Number of interactions with PT,% (above mean) 15(13-17) <.001 11(09-13 29
Participated in peer group (yes) 1.4(1.2-1.6) <.001 0.9(0.8-1.1) .33

3_BP: low back pain.

POR: odds ratio.

°NRS: numerical rating scale.
9pT: physiotherapist.

AssociationsWith a Change From Noto Yesfor PASS
(=Tot)

Bivariate analysis showed statistically significantly associations
between all sociodemographic characteristics and reporting
PASS(—to+) but in opposite directions to associations seen in
relation to reaching an MCIC in pain: female compared to male
(OR 0.6, 95% CI 0.6-0.7), age =65 compared to <65 years (OR
0.6, 95% Cl 0.6-0.7), university educated compared to not (OR
0.6, 95% CI 0.5-0.7), and retired compared to working (OR 0.6,
95% CI 0.6-0.7). Variables indicating a worse baseline health
were associated with lower odds for reporting PASS(—to+). We
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found no association between reaching MCIC in pain and
reporting PASS(—to+) in the bivariate analysis (Table 4).

Multivariable analysis showed a positive association between
reporting PASS (-to+) and reachingan MCIC in pain (OR 4.1,
95% Cl 3.4-5.1). Further, we found negative associations for
wish for surgery (OR 0.3, 95% CI 0.2-0.5), high baseline pain
(OR 0.5, 95% CI 0.4-0.6), depression or anxiety (OR 0.7, 95%
Cl 0.6-0.9), and high BMI (OR 0.8, 95% CI 0.7-1.0). We could
not find that adherence was associated with PASS(—to+), but
high motivation and high education were associated with alower
odds of PASS(—to+; Table 4).
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Table 4. Variables associated with a change from no to yes for patient acceptable symptom state (PASS-to+) at 3-month follow-up (N=2080).

Bivariate associations

Adjusted/multivariable associations

OR? (95% Cl) P value OR (95% Cl) P value
Sociodemographic characteristics
Sex (female) 0.6 (0.6-0.7) <.001 1.0(0.8-1.2) 71
Age (265 years) 0.6 (0.6-0.7) <.001 0.9 (0.6-1.2) 49
Educational level (university) 0.6 (0.5-0.7) <.001 0.7 (0.6-0.9) .001
Occupational status (retired) 0.6 (0.6-0.7) <.001 1.0(0.7-1.4) .88
Health-related characteristics
BMI (>25) 0.6 (0.5-0.6) <.001 0.8 (0.7-1.0) .05
Basdine LBP (>5 NRS) 0.4 (0.4-0.5) <.001 0.5(0.4-0.6) <.001
Having radiating pain (yes) 0.6 (0.5-0.6) <.001 0.9(0.7-1.2) .29
Pain medications (yes) 0.5 (0.5-0.6) <.001 0.9(0.7-1.2) .33
Wish for surgery 0.2 (0.1-0.3) <.001 0.3(0.2-0.5) <.001
Pain in other joints 0.6 (0.5-0.6) <.001 0.8 (0.7-1.0) .06
Depression/anxiety 0.5 (0.5-0.6) <.001 0.7 (0.6-0.9) .002
General health, NRS 0.8 (0.7-0.9) <.004 1.2 (1.0-1.5) .09
(0-10; above mean)
Physical activity =150 min/week 0.6 (0.6-0.8) <.001 1.0(0.8-1.2) 84
Treatment-related characteristics
High motivation to start treatment (NRS=10) 0.6 (0.6-0.7) <.001 0.8 (0.6-1.0) .02
>90% adherence to treatment 0.6 (0.5-0.6) <.001 1.0(0.8-1.3) 74
Number of interactions with PT,% (above mean) 0.6 (0.5-0.6) <.001 0.8(0.7-1.1) 05
Participated in peer group (yes) 0.6 (0.6-0.7) <.001 1.0(0.8-1.2) .90
Reaching an MCICE in LBP at 3 months 1.0(0.9-1.1) <.84 4.1(3.4-5.1) <.001

80R: odds ratio.

bLBP: low back pain.

°NRS: numerical rating scale.

9pT: physiotherapist.

EMCIC: minimal clinically important change.

Discussion

Principal Findings

Participantsin thisdigitally delivered treatment for subacute or
chronic LBP reduced their pain at 3-month follow-up, and
58.50% (1517/2593) reported an MCIC in pain. We found no
difference in pain reduction in relation to sociodemographic
characteristics, but those with high baseline pain, high
motivation, and high adherence to treatment were more likely
to reach an MCIC in pain, while those who at treatment start
reported wish for surgery or had pain in other joints were less
likely.

Pain Reduction in Comparison to Prior Work

The pain reduction seenin thisstudy islarger than that reported
in initial digital self-management programs for LBP [13-15]
but in line with recent apps with more complex ICT features
and exercise support [17]. Baseline pain and disability among
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participants in our study (NRS pain around 5, ODI 26) was
similar to thosein previousdigital and face-to-face interventions
[17,33], but the mean age in this cohort was around 20 years
higher compared to other digital interventions[17]. Our results
suggest that digitally delivered treatment programs may show
similar results in older adults with more complex health
problems as in younger populations.

Consistent with those of higher age, a majority reported
problems from other joints indicating that symptoms and
age-related changes are worse in our sample compared to those
reported in previous studies [17]. An encouraging finding is,
however, that we did not find pain medications, high BMI, or
depression or anxiety to be associated with a lower odds of
reaching an MCIC in pain. Thisis in contrast with previous
research suggesting lower BMI and low depression or anxiety
scores at baseline to be associated with a more rapid decrease
in pain [34] but isin line with a recent paper on middle-aged
participants with multimorbidity and co-occurring MSK pain
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[35]. Few participantsin our study reported that they wished to
undergo surgery dueto their LBP, but those who did were less
likely to reach an MCIC in pain. Findings such as the ones
reported here further reinforce the possibility that digital
treatment programs can reduce pain at clinically important levels
for older persons with more complex health problems, but
peoplethat report wish for surgery might need further attention.

Adherenceto Treatment

The high adherence in our study compared to that seen in other
studies, and specifically in those being retired and of higher
age, matched another report where older adults were lesslikely
to drop out [34]. A previous study from our research group
reported a mean adherence of 75% to recommended exercises
for participants with hip or knee osteoarthritis staying in the
treatment for 6 months [22], suggesting that high adherence
rates can be maintained with support from adigitally delivered
treatment program during longer periods. Frequency and
duration of exercises, how adherence is measured, and what is
considered a high adherence varies between studies[34], making
comparisons between reports challenging. There is no
conceptualization of adherence, but our chosen limit of 80% of
activities performed during the treatment is in line with a
systematic review of therapeutic exercisefor MSK that reported
80%-99% of the recommended exercise dose as the most
common limit for satisfactory adherence [29]. Given that we
had valid datal ogged through the app, we were able to complete
subanalyses on different adherence rates, finding a benefit of
those with 290% adherence.

Thedropout rate of 26% at 3 monthswas similar to that of other
digitaly delivered LBP treatment programs where dropouts
have varied between 20% and 28% [17]. One digital program
[36] reported substantial and increasing dropout rates during
the treatment, with more than 80% dropping out before 12
weeks. Through app devel opmentswith systematically collected
user feedback, dropouts could be reduced [37].

The association between adherence and pain reduction was not
linear in this study in contrast to what has been shown in other
studies [34,37]. One possible explanation might be that our
program included a short duration and high frequency
intervention (5-10 minutes/day) and not alonger duration and
lower frequency (eg, 30 minutes 3 times/week) seen in most
other programs. However, causality cannot be defined in an
observational study such as the present one. It is well known
that those with positive outcomes may adhere to treatment to a
higher degree, while those not improving are more prone to
missing out on exercises. However, a qualitative analysis in
people participating in a digital program for hip and knee
osteoarthritis reveal ed that reduced pain could also be areason
for lower adherence or not continuing with the program [8].

MCIC and PASS

What constitutesan MCIC in pain probably varies from person
to person, between conditions and treatments, and across
different life and disease courses. Baseline pain severity hasan
impact, as a lower baseline pain score gives less room for
change. The comparatively low proportion reaching MCIC in
pain in our study, compared to those in recent studies that used
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asimilar cutoff [34,38], may be related to participants in those
studies being younger and at working age. Another way to
estimate participant-relevant improvements is PASS. The
proportion reporting PASS (+) at 3monthsin our study issimilar
to that in aface-to-face randomized controlled trial when using
an anchoring question of self-rated health and not the gold
standard question used in our study [39].

MCIC reflects the concept of improvement (feeling better),
while PASS deal swith the concept of partial symptom remission
or well-being (feeling good). We could not find that reaching
an MCIC in pain was associated with reporting PASS(—to+) in
bivariate analysis, but there was an association in the
multivariable analysis. Those with high baseline pain and worse
health were, in both bi- and multivariable analyses, less likely
to report PASS, indicating that an MCIC of 2 points or 30% in
pain is not enough to report “feeling good” for these people.
Interestingly, we could not find an association between
adherence and PASS(—to+). To our knowledge, there are no
previous studies on the associations with PASS(—to+) after
exercise treatment. Future studies on how factors such as
duration of symptoms, expectations to treatment, and
psychosocial aspects influence PASS would be of interest.

Strengths and Limitations

The strengths of this study are that the treatment program is
part of the health care system in Sweden and thereforeincludes
people seeking care on their own. Another strength is the use
of structured assessments of outcomes and adherence rates in
arelatively large cohort.

There arelimitationsto consider. First, thiswas an observational
study without a control group, and we cannot discern between
specific and placebo treatment effects or natural fluctuationsin
symptoms. However, stratifying participantsinto different pain
levelsat treatment start showed that weekly improvement occurs
similarly for al participants with no increasing pain in those
with lower starting pain during the 3-month period. Second, for
ethical reasons, we cannot say if those not giving consent to
research differ in characteristics and outcomes in a way that
could haveinfluenced the results. Third, people seeking digitally
delivered treatment may differ in several unknown ways, such
as being more highly educated, compared to peopl e participating
inface-to-face treatments and compared to thetotal population,
which may challenge external validity. Fourth, we only have
follow-up datafor a3-month treatment period and can therefore
not determine whether improvements can be sustained after the
treatment.

Conclusions

We found a clinically important reduction in pain for 58.50%
(1517/2593) of participants after a 3-month digital treatment
program for individuals with subacute or chronic LBP. We
found no association with sociodemographic characteristics,
but those with high baseline pain and high adherence were more
likely to reach an MCIC in pain, while those wishing to undergo
surgery or with pain in other joints at baseline were less likely
to do so. Our findings suggest that digital treatment programs
can reduce pain at clinically important levels for people with
high adherence to treatment, but that those with such severe
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LBP problems that they wish to undergo surgery may benefit  from additional support.
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Abstract

Background: Telerehabilitation for musculoskeletal (M SK) conditions may produce similar or better outcomes than usual care,
but most tel erehabilitation studies address only chronic or postsurgical pain.

Objective: We aimed to examine pain and function at 3, 6, and 12 weeks for individuals with acute and subacute MSK pain
who took part in adigital MSK program versus a nonparticipant comparison group.

Methods: We conducted an observational, longitudinal study with a nonparticipant comparison group. The intervention group
had video visits with physical therapists who recommended exercise therapies and educational articles delivered via an app.
Nonparticipants were those who were registered but unable to participate because their benefit coverage had not yet begun. We
collected pain and function outcomes through surveys delivered at 3-, 6-, and 12-week follow-ups. We conducted descriptive
analyses, unadjusted regression, and mixed effects regression adjusting for baseline characteristics, time as fixed effects, and a
time* group interaction term.

Results: The analysis included data from 675 nonparticipants and 262 intervention group participants. Compared to baseline,
the intervention group showed significantly more pain improvement at 3, 6, and 12 weeks versus nonparticipants after adjusting
for baseline factors. Specifically, the intervention group’s pain scores decreased by 55.8% at 3 weeks versus baseline, 69.1% at
6 weeks, and 73% at 12 weeks. Theintervention group’s adjusted pain scores decreased from 43.7 (95% Cl 41.1-46.2) at baseline
to 19.3 (95% Cl 16.8-21.8) at 3 weeks to 13.5 (95% Cl 10.8-16.2) at 6 weeks to 11.8 (95% Cl 9-14.6) at 12 weeks. In contrast,
nonparticipants’ pain scores decreased by 30.8% at 3 weeks versus baseline, 45.8% at 6 weeks, and 46.7% at 12 weeks.
Nonparticipants' adjusted pain scores decreased from 43.8 (95% CI 42-45.5) at baseline to 30.3 (95% CI 27.1-33.5) at 3 weeks
to 23.7 (95% Cl 20-27.5) at 6 weeks to 23.3 (95% CI 19.6-27) at 12 weeks. After adjustments, the percentage of participants
reporting that pain was better or much better at follow-up was significantly higher by 40.6% at 3 weeks, 31.4% at 6 weeks, and
31.2% at 12 weeks for intervention group participants versus nonparticipants. After adjustments, the percentage of participants
with meaningful functional improvement at follow-up was significantly higher by 15.2% at 3 weeks and 24.6% at 12 weeks for
intervention group partici pants versus nonparticipants.

Conclusions: A digital MSK program may help to improve pain and function in the short term among those with acute and
subacute MSK pain.

(JMIR Rehabil Assist Technol 2022;9(2):€38214) doi:10.2196/38214
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telemedicine; acute; subacute; muscul oskeletal; pain; function; clinical; quality of life; intervention; longitudinal study; physical
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Introduction

Acute, subacute, and chronic muscul oskel etal (M SK) conditions
are aleading cause of disability and cost in the United States
[1]. Therates of back pain, neck pain, and other MSK disorders
in the United States are among the highest in the world [1]. In
2019, 39% of American adultsreported back pain, 37% reported
lower limb pain (eg, hips, knees, and feet), and 31% reported
upper limb pain (eg, hands, arms, and shoulders) inthe 3 months
prior [2].

MSK conditions include injuries or pain in joints, ligaments,
muscles, nerves, tendons, and structures that support limbs,
neck, and back. They may be a result of exertion, repetitive
motions, strain, or exposure to force, vibration, or awkward
posture [3]. Acute pain is often defined as lasting 4 weeks or
less. Subacute pain duration isfrom 4 to 12 weeks, and chronic
pain duration is more than 12 weeks [4,5].

MSK conditions are a common cause of health care usein the
United States. For example, 72.4 million office visits and 9.9
million emergency department visits were for MSK conditions
in 2018 [6,7]. Of these, more than 4 million emergency
department visits were for sprains and strains alone. Although
providers and patients may pursue different pain management
approachesfor acute and subacute needs, numerous studiesand
clinical guidelines recommend education and exercise [8,9].

Telerehabilitation, a branch of telehealth that uses
telecommuni cations technol ogies to control or monitor remote
rehabilitation, is increasingly used to deliver MSK care [10].
Telerehabilitation for MSK conditions may produce similar or
even better pain-, functional-, and health-related quality of life
outcomes than usual care, but most telerehabilitation studies
address only chronic or postsurgical pain [10-12]. Therefore,
we aimed to determine whether tel erehabilitation was associated
with improved clinical outcomes in acute and subacute MSK
conditions. Our primary objective was to examine pain and
function at 3, 6, and 12 weeksfor participants of adigital acute
MSK program versus a nonparticipant comparison group. A
secondary objective was to examine engagement among the
intervention group. The findings contribute to a growing
evidence base about the role of digital health for managing a
range of MSK needs.

Methods

Study Design

We conducted an observational, prospective cohort study
comparing digital MSK acute program participants (herein,
intervention group) to nonparticipants at 3, 6, and 12 weeks.

Acute Program

Employers offered the acute program to employees and adult
dependents as a health benefit. Recruitment was conducted
through post and email. Registration involved creating amember
profile and completing an application over the internet.

https://rehab.jmir.org/2022/2/e38214

Developed by physical therapists (PTs), the acute program’s
goal was to help participants address acute or subacute MSK
pain through digital physical therapy consultation, exercise
therapy, and education. Participants had access to an acute
program app for use on personal tablets or smartphones.

The acute program began with avideo visit with alicensed PT.
The PT conducted a subjective interview to learn more about
the participant’s history and goals and guided them through a
series of movement teststo assesstheir current level of function.
After thevideo visit, the PT provided aplan with recommended
exercises and education that were available to participants
through the app. The app provided this information through
“sessions.”

Each session presented a set of exercises that were specific to
acute back, knee, shoulder, hip, neck/upper back,
elbow/wrist/hand, or ankle/foot pain. Each session included
stretching, strengthening, balancing, and mobility activities,
based on the participant’s functional limitations and goals
determined during the consultation. The session presented 1 to
2 sets of 3 to 10 repetitions of each exercise (depending on the
difficulty and type of exercise), with each session’s duration
ranging from 5 to 20 minutes. Graphics along with written and
audio cues demonstrated how to perform the exercises, the
number of repetitions for each exercise, and how long to hold
the positions. As participants progressed through the program,
their exercises were adjusted by the PT to gradually advance
them toward their goals. This included adjusting the exercise
variation, number of repetitions, hold time, and use of resistance
with resistance bands (if applicable).

After participants completed the exercises for that session, the
app presented educational resources about acute and subacute
MSK pain—related topics, such as pain neuroscience, movement,
treatment options, coping techniques, healthy lifestyle practices,
relaxation tools, social support, and habit formation. Lastly, the
participant was able to leave anote for their PT, rate their pain,
or record any additional activity they had completed recently.
As awholly digital program, participants could choose when
and where to meet with PTs via video and compl ete sessions.

Study Participants

First, for each week between July and October 2021, we
identified individuals meeting the inclusion and exclusion
criteria based on information provided in the application.
Inclusion criteria were aged =18 years; back, knee, shoulder,
hip, or neck pain; visual analog scale (VAS) pain score>0; pain
for lessthan 12 weeks; and covered by employer’s health plan.
Exclusion criteria were signs of fracture, joint instability,
infection, cancer, and cauda equina syndrome.

Second, we categorized the individuals as part of the
intervention or nonparticipant group. The intervention group
had afirst video visit with aPT in the past week and a published
care plan. Nonparticipants were those who applied to the acute
program but were declined because their employers did not yet
offer the acute program as abenefit. Everyonein theintervention
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group and a sample of the nonparticipants were invited to the
study. To sample nonparticipants, we stratified them by pain
region (ie, back, knee, shoulder, hip, and neck) and conducted
apropensity score match based on baseline pain and function.

Between August and November 2021, we invited participants
to complete an email survey 3 weeks after registration

Wang et al

(nonparticipants) or video visit (intervention). We excluded
individuals who did not provide informed consent or those who
had pain for more than 12 weeks. Between August 2021 and
January 2022, we sent surveys at 6 and 12 weeks after
registration (nonparticipants) or video visit (intervention) to
those who completed the 3-week follow-up survey and agreed
to be recontacted (Table 1).

Table 1. Timeline for an example cohort who registered or had video visits between July 7, 2021, and July 13, 2021.

Date Event
July 7-13 «  Nonparticipant group registers
« Intervention group has a physical therapist video visit
July 14 Apply inclusion and exclusion criteria and sample
August 4-11 Complete 3-week follow-up by email survey
August 25 to September 1 Compl ete 6-week follow-up by email survey
October 6-13 Complete 12-week follow-up by email survey

Ethics Approval

Study subjects acknowledged viatheinternet that they provided
informed consent. The WIRB-Copernicus Group Institutional
Review Board (Office of Human Research Protections/Food
and Drug Administration Institutional Review Board registration
number IRB00000533) a the WIRB-Copernicus Group
reviewed and approved this study.

Outcomes

The primary outcome was pain improvement based on the
response to the following question: “Over the past 24 hours,
how bad was your [back/knee/shoulder/hip/neck] pain?’ with
ascore from 0 (none) to 100 (worst imaginable).

A secondary outcome was the patient’s global impression of
change (PGIC) based on the response to the following question:
“Compared to when you first registered for Hinge Health, how
would you rate your [back/knee/shoul der/hip/neck] pain now?”’
Pain rated as better or much better was coded as 1; pain rated
asmuch worse, worse, alittleworse, unchanged, or alittle better
was coded as 0.

Another secondary outcome was minimal clinically important
difference (MCID) infunctiona improvement (herein, functional
improvement). To create this dichotomous variable (no/yes),
we gathered responses to the 11-item Roland Morris Disability
Questionnaire (RMDQ-11, back only), Knee injury and
Osteoarthritis Outcome Score Physical Function Short form
(KOOS-PS, knee only), Hip disability and Osteoarthritis
Outcome Score Physical Function Short form (HOOS-PS, hip
only), Shoulder Pain and Disability Index (SPADI, shoulder
only), and Neck Pain and Disability Scale short form (sf-NPAD,
neck only). Next, we calculated the change from basdline to
follow-up. MCID infunctional improvement is defined as either
at least 30% improvement on the RMDQ-11 [13,14]; 8-point
improvement on the KOOS-PS[15-17]; 9.3-point improvement
on the HOOS-PS[18,19]; 13-point improvement on the SPADI
[20-22]; 12-point improvement on the sf-NPAD [23,24]; or no
limitations at follow-up.

https://rehab.jmir.org/2022/2/e38214

For the intervention group’s engagement, we collected the
number of video visits and app-based exercise therapy sessions
completed by 12 weeks. Exercise completion was recorded
when participants used the app. We did not record exercises
completed outside the app.

Exposures

Nonparticipants were those who were registered but did not
take part in the acute program. The intervention group had one
or more PT video visits, a published care plan, and access to
exercise guidance and education via the acute program app.

Confounders

Model covariates included registration month (July, August,
September, or Octaber), age at baseline, pain region (back, knee,
shoulder, hip, or neck), and the use of health care services at 12
weeks (no/yes). The health care serviceswere conservative care
(eg, office visit with a doctor or physica therapist),
over-the-counter medications, prescription pain medications,
and invasive procedures (eg, emergency department or urgent
care center visit, overnight stay in a hospital, injections, or
surgery).

Data Sources

The web-based application completed at program registration
provided baseline data. We emailed follow-up surveys and up
to 2 reminders a 3, 6, and 12 weeks after registration
(nonparticipants) or the first PT video visit (intervention).
Respondents received gift cardsfor US $20 at 3 weeks, US $25
at 6 weeks, and US $35 at 12 weeks.

Study Size

Sample size was based on detecting noninferiority of the
intervention versus nonparticipants at 6 weeks after registering
or video visit. For VAS pain scores, we chose a noninferiority
margin of 10 points because this is less than the 20-point
reduction for MCID in pain improvement [25]. Assuming SDs
of 21.4 for pain [26], 80% power, and a 1-sided 2.5%
significance level, we needed 57 participants per arm (N=114).
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Statistical M ethods

Summary statistics were estimated for baseline characteristics
of age, pain region, registration month, and baseline pain. We
conducted 2-tailed t tests (for continuous variables) and
chi-squaretests (for categorical variables) to show whether there
were significant differences between the intervention group and
nonparticipants at baseline. Descriptive statistics reported at 3,
6, and 12 weeks were mean (SD) VAS pain scores, the number
and percentage of participants who perceived better or much
better pain (PGIC) at follow-up compared to registration, and
the number and percentage of participants who achieved an
MCID in functional improvement.

Unadjusted and adjusted linear mixed effects regression models
were used to model pain improvement, and generalized linear
mixed effects models were used for PGIC and functional
improvement. Covariates were baseline age, pain region,
registration month, and health care service use at 12 weeks.

Figure 1. Flowchart, by group.

Wang et al

PGIC and functional improvement modelsalso included basdline
pain. Time was treated as a categorical predictor to allow the
modeling of nonlinear change trends over time. A 2-way
time*group interaction term captured the treatment effect at
each time point. Estimated predicted probabilities and marginal
effects are presented below.

The primary analysis used all available data. The maximum
likelihood estimation method was used, assuming data were
missing at random. Analyses were performed in Stata (version
17.0; StataCorp) and R statistical software (version 4.0.5; R
Foundation for Statistical Computing).

Results

Flowchart

Figure 1 reports the intervention and nonparticipant groups at
each study stage.

Nonparticipants

Eligible n=2826
Sampled n=768

n=42 no informed
consent;

n=51 pain more
than 12 weeks

Invited n=675

n=488 did not
complete survey

3-week n=187
follow-up

Intervention

n=292

v

n=292

n=20 no informed
consent;

n=10 pain more
than 12 weeks

T

n=143

n=119 did not
complete survey

n=65 did not
complete 6-week
follow-up survey

n=71 did not

\

complete 12-week
follow-up survey

n=37 did not
complete 6-week
follow-up survey

n=106
at 6 weeks

n=38 did not
complete 12-week
follow-up survey

[\

n=105
at 12 weeks

G-week and n=122 n=116
12-week at 6 weeks at 12 weeks
follow-ups

Sample Characteristics

Table 2 showsthe baseline characteristics for the nonparticipant
and intervention groups. We detected no significant differences
between the 2 groups at baseline. The mean age of the total
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sample was 44.1 (SD 11.9) years. At registration, mean pain
was 43.0 (SD 22.3) out of 100. The largest (31.9%, 299/937)
percentage of the sample registered for back pain and the
smallest (13.8%, 129/937) registered for hip pain.
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Table 2. Baseline characteristics.

Wang et al

Intervention group (n=262) All participants (N=937)

Characteristic Nonparticipant group (n=675)
Age (year), mean (SD) 44.0 (12.1)
Baseline pain, mean (SD) 429 (22.5)
Pain region, n (%)
Back 225(33.3)
Hip 87 (12.9)
Knee 119 (17.6)
Neck 140 (20.7)
Shoulder 104 (15.4)
Registration month, n (%)
July 124 (18.4)
August 170 (25.2)
September 236 (35)
October 145 (21.5)

44.4(11.3) 44.1(11.9)
432 (21.7) 43.0 (22.3)
74(28.2) 299 (31.9)
42 (16) 129 (13.8)
53(20.2) 172 (18.4)
49 (18.7) 189 (20.2)
44 (16.8) 148 (15.8)
54 (20.6) 178 (19)

60 (22.9) 230 (24.5)
77 (29.4) 313(33.4)
71(27.1) 216 (23.1)

Descriptive Results

Nonparticipants' absolute decrease in pain from baseline was
11.5 points at 3 weeks, 17.9 points at 6 weeks, and 18.2 points
at 12 weeks. Theintervention group’s absolute decreasein pain
from baselinewas 24.0 pointsat 3 weeks, 29.0 pointsat 6 weeks,
and 30.5 points at 12 weeks (Table 3).

The percentage of participants reporting that pain as better or
much better (PGIC) was 69.3% (104/150) at 3 weeks, 73.9%
(85/115) at 6 weeks, and 78.5% (95/121) at 12 weeks in the
intervention group. For nonparticipants, the percentages were
26% (51/196) at 3 weeks, 38.5% (50/130) at 6 weeks, and 43.1%
(53/123) at 12 weeks. PGIC was higher for the intervention

group than the nonparticipant group by 43.3 percentage points
at 3 weeks, 35.4 percentage points at 6 weeks, and 35.5
percentage points at 12 weeks.

The percentage of participants reporting meaningful functional
improvement was 56.5% (105/186) at 3 weeks, 67.9% (91/134)
at 6 weeks, and 77.7% (94/121) at 12 weeksin the intervention
group. For nonparticipants, the percentages were 39.3% (77/196)
at 3 weeks, 51.6% (66/128) at 6 weeks, and 50.8% (62/122) at
12 weeks. The percentage reporting functional improvement
was higher for the intervention group than the nonparticipant
group by 17.2 percentage points at 3 weeks, 16.3 percentage
pointsat 6 weeks, and 26.9 percentage pointsat 12 weeks (Table
3).

Table 3. Descriptive results: outcomes over time for nonparticipant and intervention groups.

QOutcome, timepoint

Nonparticipant group Intervention group

Pain score, mean (SD)
Baseline
3 weeks
6 weeks
12 weeks
Patient’s global impression of change, n (%)
3 weeks (nonparticipant group: n=196; intervention group: n=150)
6 weeks (nonparticipant group: n=130; intervention group: n=115)
12 weeks (nonparticipant group: n=123; intervention group: n=121)
Functional improvement, n (%)
3 weeks (nonparticipant group: n=196; intervention group: n=150)
6 weeks (nonparticipant group: n=130; intervention group: n=115)

12 weeks (nonparticipant group: n=123; intervention group: n=121)

42,9 (22.5) 432 (21.7)
31.4(22.8) 19.2 (17.9)
25.0 (21.6) 14.2 (16.0)
24.7 (20.5) 12.7 (14.2)
51 (26) 104 (69.3)
50 (38.5) 85 (73.9)
53 (43.1) 95 (78.5)
77 (39.3) 105 (56.5)
66 (51.6) 91 (67.9)
62 (50.8) 94(77.7)
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Main Results

The intervention group showed significantly lower adjusted
pain scores at follow-up compared to nonparticipants (Figure
2). For nonparticipants, adjusted pain scores decreased from
43.8 (95% CI 42-45.5) at baseline to 30.3 (95% CI 27.1-33.5)

Wang et al

at 3 weeks to 23.7 (95% Cl 20-27.5) at 6 weeks to 23.3 (95%
Cl 19.6-27) at 12 weeks. For the intervention group, adjusted
pain scores decreased from 43.7 (95% Cl 41.1-46.2) at baseline
to 19.3 (95% Cl 16.8-21.8) at 3 weeks to 13.5 (95% ClI
10.8-16.2) at 6 weeksto 11.8 (95% Cl 9-14.6) at 12 weeks.

Figure 2. Adjusted VAS score over time. Results adjusted for age, pain region, registration month, health care service use, and time as fixed effects.

VAS: visua analog scale.

50

VAS score (out of 100)

I 1
B 12
Weeks

—®&—— Nonparticipants

—&— |ntervention

After adjustments, theintervention group showed asignificantly
higher percentage of people reporting pain was better or much
better (PGIC) at follow-up versus nonparticipants. The adjusted
percentage of nonparticipantswho reported better or much better
pain increased from 26.5% (95% CI 20.7%-32.4%) at 3 weeks
0 40.9% (95% Cl 32.7%-49.1%) at 6 weeksto 46.3% (95% ClI
38%-54.6%) at 12 weeks. The adjusted percentage of
intervention group who reported better or much better pain
increased from 67.1% (95% Cl 59.4%-74.9%) at 3 weeks to
72.3% (95% CI 64.1%-80.5%) at 6 weeks to 77.5% (95% ClI
69.7%-85.3%) at 12 weeks (Figure 3).

Theintervention group showed asignificantly higher percentage
of people reporting functional improvement at 3 weeks and 12

https://rehab.jmir.org/2022/2/e38214
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weeks compared to nonparticipants. The adjusted percentage
of nonparticipants reporting functional improvement increased
from 39.1% (95% CI 32.6%-45.5%) at 3 weeksto 53.2% (95%
Cl 44.9%-61.6%) at 6 weeks to 53.2% (95% Cl 44.4%-61.9%)
at 12 weeks. The adjusted percentage of intervention group
reporting functional improvement increased from 54.3% (95%
Cl 48%-60.5%) at 3 weeks to 67.2% (95% Cl 60%-74.3%) at
6 weeksto 77.8% (95% CI 70.7%-84.9%) at 12 weeks (Figure
4).

Multimedia Appendix 1 shows the unadjusted and adjusted
regression model results.
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Figure 3. Adjusted proportion of participants reporting pain is better or much better over time. Results adjusted for age, baseline pain, pain region,
registration month, health care service use, and time as fixed effects.

Proportion (pain is better or much better)

1_

I
4 - -

Weeks

—®—— Nonparticipants —44— Intervention

Figure 4. Adjusted proportion of participants with MCID in functional improvement over time. Results adjusted for age, baseline pain, pain region,
registration month, health care service use, and time as fixed effects. MCID: minimal clinically important difference.

Proportion (MCID functional improvement)

Engagement

By 12 weeks, the intervention group averaged 1.8 (SD 1.1;
range 1-6) video visits and 17.7 (SD 21.2; median 10; range

1_

2-
0._
I | I
3 6 12
Weeks
—®&—— Nonparticipants —4#— Intervention
Discussion

Principal Results and Generalizability

0-103) exercise therapy sessions. This observational study examined pain and function at 3, 6,

and 12 weeks after starting a digital MSK program for acute
and subacute M SK conditions versus nonparticipants. We found
significant associations between the intervention and both pain
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improvement and PGIC at 3, 6, and 12 weeks. A significantly
larger percentage of the intervention group also reported
clinically meaningful functional improvement versus the
nonparticipant group at 3 and 12 weeks.

As an observational study, we propose that findings are
generaizable to the population of people with acute and
subacute MSK pain with expressed interest in a digital acute
MSK program. However, the study may not be generalizable
to later adopters of health technology or all people with MSK
pain.

Comparison to Prior Work

VAS pain scores improved from baseline to follow-up for
nonparticipants and intervention group members. However, the
magnitude of pain improvement was significantly greater for
the intervention group. The intervention group’s pain score
improved from baseline by more than 10.9 points at 3 weeks,
10.1 points at 6 weeks, and 11.5 points at 12 weeks versus
nonparticipants. This 10.1 to 11.5 point differenceissimilar to
pain improvement shown in meta-anayses of spina
mani pulative therapy (mean difference: 10; 95% Cl 4-16) and
exceeds that of nonsteroidal anti-inflammatory drugs for acute
back pain (mean difference: 7; 95% Cl 4-11) [27,28]. Our results
are also consistent with recent meta-analyses reporting that
exerciseis an efficacious treatment for acute and subacute low
back pain in the immediate term [9].

We detected statistically significant associations between the
digital MSK program and meaningful functional improvement.
In contrast, the effect of traditional services and medications
on functiona improvement have not been consistently
demonstrated in acute MSK injuries [5]. Our study found that
a significantly greater percentage of the intervention group
reported meaningful functional improvement versus
nonparticipantsat 3 and 12 weeks, but not at 6 weeks. Thismay
be due to the smal sample size. We also suggest that
nonparticipants’ function improved over time but at a slower
rate than the intervention group. Furthermore, the intervention
group continued to make progressin function beyond the 6-week
mark, whereas nonparticipants functional improvement
plateaued between 6 and 12 weeks. Thewaysthat adigital acute
MSK program changesthetrajectory of functional improvement
over timeandinthelong term are an areafor additional research
in the future.

We found that the intervention group averaged 1.8 video visits
and 17.7 exercise therapy sessions by week 12. Although we
did not collect self-reported information about exercises
conducted without the app, this engagement data about
completed exercise sessions demonstrated the feasibility of

Wang et al

using app-based data to monitor member adherence to
recommended exercises. This objective measure of adherence
may supplement self-reports about efficacy and confidence in
doing exercises. Adherenceto exercises delivered through digital
health programs has been shown to match or exceed that of
in-person programs, and improved adherenceis associated with
better treatment outcomes for MSK needs [29-32].

Strengths and Limitations

Study strengths include the use of data from 2 prospective
cohorts who were similar in age, pain, and pain region at
baseline. As a result, the study resulted in the longitudinal
monitoring of a digital acute MSK program versus a
nonparticipant group. Further, to our knowledge, our study is
the first to evaluate a digital MSK program for acute and
subacute needs agai nst anonparticipant group. The comparison
group isessentia given the natural history of acute and subacute
MSK conditions. Improvement was assessed using 3 different
outcomes, and we eval uated the program in real-world settings.

First, a study limitation is that this observational study cannot
establish the causality of the intervention’s effect on outcomes.
Second, we may have omitted important confounding variables
(eg, motivation) that attenuate outcome estimates. Furthermore,
we did not document the types of medications that study
participants took to address pain and function. To build on
current findings, we recommend a randomized controlled trial
to establish causality and account for the effect of unmeasured
factors. Third, more granular follow-up timepoints (eg, weekly)
could provide moreinsight into the longitudinal course of pain
and function in an acute digital MSK program. Future studies
could use daily diaries to document exercise adherence and
changes in daily pain to show time to pain resolution in days
or weeks. Fourth, the study examines acute and subacute needs
as awhole, and we do not report on outcomes for each region
(ie, back, knee, shoulder, hip, or neck) separately. It ispossible
that the outcomes vary from region to region, and positive
outcomes in one region might mask neutral or even negative
outcomes in another region. To address this concern, we
controlled for region in the regression models. Future studies
could examine outcomes for specific regionsor present stratified
results.

Conclusions

This study provided evidencethat adigital acute M SK program
may help improve pain and function in the short term among
those with acute and subacute MSK needs. Future studies can
build upon these results to further evaluate the extent to which
digital hedth effectively manages a range of MSK needs,
including acute and subacute needs.
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VAS: visual analog scale
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Abstract

Background: The ongoing COVID-19 pandemic has required social, health, and rehabilitation organizations to implement
remote physiotherapy (RP) as a part of physiotherapists' daily practice. RP may improve access to physiotherapy as it delivers
physiotherapy servicesto rehabilitees through information and communicationstechnology. Evenif RP has already beenintroduced
in this century, physiotherapists’ opinion, amount of use, and form in daily practice have not been studied extensively.

Objective: Thisstudy aimsto investigate physiotherapists’ opinions of the current state of RP in Finland.

Methods: A quantitative, cross-sectional, web-based questionnaire was sent to working-aged members of the Finnish Association
of Physiotherapists (n=5905) in March 2021 and to physiotherapists in a private physiotherapy organization (n=620) in May
2021. The questionnaire included questions on the suitability of RPin different diseases and the current state and implementation
of RP in work among physiotherapists.

Results: Of the 6525 physiotherapists, atotal of 9.9% (n=662; n=504, 76.1% female; mean age 46.1, SD 12 years) answered
the questionnaire. The mean suitability “score” (0=not suitable at all to 10=fully suitable) of RP in different disease groupsvaried
from 3.3 (neurological diseases) to 6.1 (Iung diseases). Between early 2020 (ie, just before the COVID-19 pandemic) and spring
2021, the proportion of physiotherapistswho used RP increased from 33.8% (21/62) to 75.4% (46/61; P<.001) in the public sector
and from 19.7% (42/213) to 76.6% (163/213; P<.001) in the private sector. However, only 11.7% (32/274) of physiotherapists
reported that they spent >20% of their practice time for RP in 2021. The real-time method was the most common RP method in
both groups (public sector 46/66, 69.7% vs private sector 157/219, 71.7%; P=.47). The three most commonly used technical
equipments were computerstablets (229/290, 79%), smartphones (149/290, 51.4%), and phones (voice call 51/290, 17.6%). The
proportion of physiotherapists who used computers/tabletsin RP was higher in the private sector than in the public sector (183/221,
82.8% vs 46/68, 67.6%; P=.01). In contrast, a higher proportion of physiotherapistsin the public sector than in the private sector
used phones (18/68, 26.5% vs 33/221, 14.9%; P=.04).

Conclusions: During the COVID-19 pandemic, physiotherapists increased their use of RP in their everyday practice, athough
practice time in RP was till low. When planning RP for rehabilitees, it should be considered that the suitability of RPin different
diseases seems to vary in the opinion of physiotherapists. Furthermore, our results brought up important new information for
developing social, health, and rehabilitation education for information and communications technol ogies.
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Introduction

Providing easy and equal access to physiotherapy servicesisa
significant challenge due to the aging population; increasing
preval ence of chronic diseases; and the concentration of health,
rehabilitation, and social services to urban areas [1,2].
Physiotherapy is a profession with expertise in health,
movement, mobility, and function [3,4]. Remote physiotherapy
(RP), or dternatively telerehabilitation (thisterm wasintroduced
in the late 90s in the scientific literature [5]), offersameansto
improve the availability of physiotherapy as it delivers
physiotherapy services to rehabilitees through information and
communications technology (ICT) [5-11]. RP opens the
possibility for new work tasks and new approaches for
physiotherapi stsin examination, implementation, and foll ow-up,
which affect their professional role [3]. While RP can involve
direct online communication with a physiotherapist, such that
the rehabilitee and the physiotherapist are physically in two
different places, RP can also mean adigital application usedin
physiotherapy that provides automatic feedback and support
for the rehabilitee [12]. In this paper, we use the term RP to
describe how conventional physiotherapy isdelivered remotely
using ICT. The term rehabilitee is defined as a patient, client,
customer, or group, and the real-time method describes direct
online communication between the rehabilitee and
physiotherapist.

The COVID-19 pandemic hasrequired health care organizations
to implement RP as a part of physiotherapists’ daily practice
[13]. RP has allowed physiotherapists to continue their daily
clinical practice during the pandemic for those rehabilitees that
need physiotherapy but are unable to visit a hospital or clinic.
RP has also supported socia distancing to reduce the spread of
COVID-19 [13,14] and has been implemented in COVID-19
physiotherapy [15-17], athough we have not focused on this
in our study.

RP may be as effective as conventional physiotherapy in some
disease groups, such as musculoskeletal diseases [2,18-20],
heart and lung diseases [9,21], or neurological diseases [22].
Moreover, amajor advantage over conventional physiotherapy
isthat the rehabilitee does not need to travel for RP, thus saving
time and travel costs. Another positive consequence isthat the
rehabilitee can decide for themselves when to perform their
therapeutic exercise, and it is easier to implement the exercise
into their daily activity [12,20,23].

Despite the advantages of RP, physiotherapy is still typically
practiced in person. There are severa barriersthat preclude the
wider use of RP. Theseinclude the physiotherapist’s competence
in using technical equipment and resistance to RP; technical
investment costs; and the age, degree of education, and computer
literacy of the rehabilitee [24]. Environmental space and
infrastructural challenges such as bandwidth capacity are other
barriersto RP for both rehabilitees and physiotherapists [25].

https://rehab jmir.org/2022/2/635569

There is some evidence that the COVID-19 pandemic has
increased the use of RPin Switzerland [26] and in Kuwait [27].
However, our knowledge of the current state of RP in Finland
is limited. Therefore, we conducted a study to determine how
appropriate RP is for different disease groups, the proportion
of practice time spent on RP before and during the COVID-19
pandemic, which method and what technology physiotherapists
use on RP, and the difference between public and private sector
use of RP.

Methods

Study Design

We used aquantitative, cross-sectional, web-based questionnaire
study to answer the research questions. Physiotherapists
responded to the questionnaire anonymously. This study adhered
to the CHERRIES (Checklist for Reporting Results of Internet
E-Surveys) [28] and The STROBE (Strengthening the Reporting
of Observational Studiesin Epidemiology) Statement [29].

The term RP was defined as a physiotherapy intervention that
includes remote technology such as telephones, smartphones,
computers, tablets, activity trackers, computer vision (CV),
artificial intelligence (Al), virtual reality (VR), or robotics such
that the physiotherapist is physically in a different place than
the rehabilitee [7]. The terms real-time and not-tied-to-time
methods were defined as follows: areal-time method is online
communication between rehabilitee and physiotherapist; a
method not tied to time means remote technology used in
physiotherapy that provides automatic feedback and support
for the rehabilitee [12].

The Finnish health care system consists of two complementary
sectorsthat receive public funding, the public and private sector.
There are substantial differences between these systems, such
as scope of services provided, user fees, and waiting times.
There are a so differencesin financing mechanisms. The public
sector is financed based on taxes and the National Health
Insurance (NHI); the private sector is partly (one-third) financed
by NHI [30]. Therefore, we analyzed these sectors separate in
our study. Although there are two different sectors, every
rehabilitee has the right to good and equal quality health care
and rehabilitation.

Subjects

We recruited physiotherapists of working age from the Finnish
Association of Physiotherapists (n=5905) and from a private
physiotherapy organization (n=620). A questionnairewas mailed
to physiotherapists in March (Finnish Association of
Physiotherapists) and May 2021 (private physiotherapy
organization) viaan information letter that included an electronic
link to the questionnaire. The questionnaire had a 5-week
deadline. Two reminders were sent during this period; the first
reminder was sent after 1 week and the second reminder 2 weeks
after thefirst.
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The Questionnaire

A questionnaire was constructed that included items that were
based on previous literature in the field [10,23,31-33] and on
the opinions of the research teams and coworkers (that included
experts such as medical doctors, physiotherapists, clinical
specialists, researchers, and lecturers) working in a university
hospital, city health station, university, university of applied
sciences, and physiotherapy association. The questionnaire was
piloted by 28 physiotherapists from different physiotherapy
fields and geographical locationsin Finland. In the pilot phase,
we asked for feedback on the questionnaire, such as unclear
guestions and suggestions for corrections. Word choices were
changed, and two questions were changed from compul sory to
optional.

The questionnaire included 32 questions (31 closed and 1 open
guestion). To study suitability of RP in different diseases and
patients with pain, we used an 11-point numeric scale (O=not
suitable at al, 10=fully suitable). While most of the patients
with chronic pain are patients with musculoskeletal disorder
[34], we inserted them into the category “musculoskeletal
diseases” The numeric rating scale was chosen as it is well
understood and used in physiotherapy [35]. Other questions
included were “how much of your practice time have you spent
on RP in the month before the survey,” “how much of your
practice time have you spent on RP just before the COVID-19
pandemic (early 2020),” “do you use real-time methods or
methods not tied to time in RR” and “which of the following
technology solutions do you use weekly in RP”

Statistical M ethods

Statistical analyses were performed with SPSS (Version 27.0;
IBM Corp). Frequency distributions, percentages, and means
are given as descriptive statistics. Chi-square statistics and
Student t test were applied to calculate statistical differences
between the public and private groups. P<.05 (2-tailed) was
considered as a statistically significant threshold.

Ethical Consider ations

The study was granted ethical approval by the research ethics
committee of the Faculty of Medicine at University of Helsinki
in February 2021 (registration number 3/2021).

Results

Of the 6525 physiotherapists, atotal of 9.9% (n=662) answered
the questionnaire. Physiotherapy students and physiotherapists
that were retired, lecturers, or researchers were excluded; the
final study group included 579 (8.9%) physiotherapists. Of these
579 physiotherapists, 482 (83.2%) were femal es (mean age 49.3
SD 11.9 years), and 97 (16.8%) were males (mean age 46.2,
SD 12.2 years). Of the physiotherapists, 423 (73.1%) worked
in the private sector and 152 (26.3%) in the public sector; in
addition to these, 3 did not answer this specific question, and 1
could not be classified to either group.

https://rehab jmir.org/2022/2/635569
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Physiotherapists in the public and private sector typically had
extensive work experience. Almost four-fifths (440/579, 76%)
had over 10 years of experience; there was no difference in
work experience between the physiotherapists in these two
sectors. However, the proportion of physiotherapists who
reported that they do not have work experiencein RPwas higher
in the public sector than in the private sector. Detailed
characteristics of the physiotherapists are shown in Table 1.

There were minimal differences when the mean suitability
“score” (O=not suitable at all to 10=fully suitable) of RP in
different connected disease groups between public and private
sectors were compared. However, the mean suitability “score’
of lung diseases (P=.02) and in muscul oskeletal diseases (P=.01)
was higher in the public than private sector. The mean suitability
“score’ of RP in different diseases varied from 2.1 (memory
disorder) to 6.6 (hip or knee osteoarthritis, asthma). Only 9.7%
(40/411) considered asthma and 8.2% (37/452) considered hip
or knee osteoarthritis asfully suitable (score 10) for RP; 32.2%
(134/416) considered RP not suitable at al (score 0) for
rehabilitees with memory disorder (Table 2).

Three-quarters of all physiotherapists reported that they did not
spend any of their practice time in RP before the COVID-19
pandemicin early 2020. The proportion of such physiotherapists
was higher in the private sector than in the public sector
(171213, 80.3%; vs 41/62, 66.1%; P=.03). Only a few
physi otherapists spent more than 20% of their practicetimefor
RP (Table 3).

Between early 2020 and spring 2021, the proportion of
physiotherapists who used RP increased from 33.8% (21/62)
to 75.4% (46/61; P<.001) in the public sector and from 19.7%
(42/213) to 76.6% (163/213; P<.001) in the private sector. The
proportion of physiotherapists who did not use RP in 2021 was
only 24.6% (15/61) in the public sector and 23.5% (50/213) in
the private sector with no statistically significant group
difference (P=.86). However, the proportion of physiotherapists
who used over 20% of their practice time on RP was till
minimal. Detailed results are shown in Table 3.

When studying the methods and equipment used in individual
RP, the real-time method was the most common method in the
public (46/66, 69.7%) and the private (157/219, 71.7%) sector.
In contrast, only a few physiotherapists used the method not
tied to time (Table 4); a corresponding result was seen in group
RP (data not shown). In the total group, the three most used
technical equipment were computers/tablets (229/290, 79%),
smartphones (149/290, 51.4%), and phones (51.290, 17.6%;
voice call). The proportion of physiotherapists who used
computers/tablets in RP was higher in the private sector than
in the public sector (183/221, 82.8% vs 46/68, 67.6%; P=.01).
However, a higher proportion of physiotherapistsin the public
sector than in the private sector used phones (18/68, 26.5% vs
33/221, 14.9%; P=.04). Other equipment such as VR, CV, or
Al wererarely used (Table 4).
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Table 1. Characteristics of the study physiotherapists.
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Tota group (n=579)

Public sector (n=152)  Private sector (n=423) P value

Age (years), mean (SD)
Total
Female
Male
Time from physiotherapy degree (years), mean (SD)
Work experiencein physiotherapy, n (%)
<1 year
>1 year and <5 years
>5 years and <10 years
>10years
Work experience in remote physiotherapy, n (%)
No experience
<1year
1year to 2 years
>2to4years

>4 years

48.8 (11.9)
493 (11.9)
46.2 (12.2)

22.3(12.6)

18 (3.1)
65 (11.2)
56 (9.7)
440 (76.0)

210 (36.3)
209 (36.1)
135 (23.3)
13(2.2)
12 (2.1)

486 (11.9)
49.3 (11.9)
42.3(10.3)

21.4 (12.5)

7(4.6)

17 (11.2)
12 (7.9)
116 (76.3)

77 (50.7)
26 (30.3)
26 (17.1)
1(0.7)
2(L3)

49.0 (11.9) 732
49.3 (11.7) 932
47.3(12.3) 15%
22.7 (12.5) o7a
470
10 (2.4)
47 (11.2)
43 (10.2)
323 (76.4)
<.001°
130 (30.7)
162 (38.3)
109 (25.8)
12(2.8)
10 (2.4)

3P values are based on Student t test.
bp values are based on chi-square test.
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Table 2. Suitability score of remote physiotherapy in different disease groups®.

Connected disease groups and subgroups Total group, mean  Public sector, mean  Private sector, mean Mean difference P value?
(SD) (SD) (SD) (95% ClI)

Lung diseases 6.1(2.4) 6.5(2.1) 5.9 (2.5) 0.6(0.1to 1.1) .02
Asthma 6.6 (2.5) 6.8 (2.3) 6.5(2.5) 0.3(-0.3100.8) 31
CcopPD® 5.6 (2.6) 6.2 (2.2) 5.4 (2.7) 0.8(0.3t01.3) .003

Musculoskeletal diseases 57(2.2) 6.1(1.9) 5.6 (2.3) 0.6 (0.1t01.0) .01
Knee and hip osteoarthritis 6.6 (2.5) 7.2(2.1) 6.4 (2.6) 0.8(0.3t01.2) .001
Low back pain 5.9 (2.6) 5.9(2.5) 5.9 (2.6) 0.0 (-0.5t0 0.5) .98
Repetitive strain injury of thehand and 5.9 (2.8) 6.5(2.7) 5.6 (2.8) 0.9 (0.3t01.5) .002
forearm
Tendon disorder of the shoulder 5.8(2.7) 6.0 (2.6) 5.7(2.7) 0.4(-0.2t00.9) 19
Rheumatoid arthritis 5.7 (2.5) 6.1(2.3) 5.5(2.6) 06(0.1t01.2) .02
Pain patient 52(2.7) 5.3(2.6) 51(2.7) 0.2 (-0.4100.8) 50
Neck pain 48(2.7) 47(2.6) 48(2.7) -01(-07t005) .75

Psychiatric diseases 49(2.7) 5.3(2.6) 47(2.7) 0.6 (0.0to0 1.2) .06
Anxiety disorder 5.2(3.0) 56(3.1) 5.0 (3.0) 0.6 (0.0t0 1.3) .045
Depression 5.0(2.9) 5.3(2.8) 48(2.9) 0.5(-0.2t0 1.1) 15
Personality disorder 4.7 (2.9) 4.9 (2.9) 4.6 (2.9) 0.4(-0.2t0 1.0 .23

Neurological diseases 33(2.1) 3.3(1.9) 33(2.2) 0.1 (-0.5t0 0.4) 81
Multiple sclerosis 4.4 (2.6) 4.3 (2.4) 4.4(2.7) -0.1(-0.6t00.5) .85
Parkinson disease 4.0 (2.6) 4.1 (25) 4.0(2.6) 0.1(-0.51t00.7) 69
Cerebral infarction (eg, stroke) 3.3(2.6) 31(24) 3.4(2.6) -0.2(-0.8t00.3) 45
Spinal cord injury 32(2.7) 2.9(2.3) 33(2.8) -05(-11to0.1) .09
Braininjury 3.2(25) 29(2.4) 3.2(2.6) -0.3(-0.8t00.2) .25
Memory disorder 21(22) 2.3(2.3) 2.0(2.2) 0.3(-0.2100.8) 21

Other
Heart disease/failure 5.8(2.7) 6.1(2.5) 5.7 (2.8) 0.4 (-0.1t0 1.0) 14
Cancer 5.2 (2.8) 53(2.7) 5.2(2.8) 0.1(-0.5t00.7) 75
Multimorbid patient 3.6(2.6) 3.7(2:6) 35(2.7) 0.2 (-0.4100.8) 46

83uitability score (O=not suitable at all to 10=fully suitable).
bp values are based on Student t test.
SCOPD: chronic obstructive pulmonary disease.

https://rehab.jmir.org/2022/2/e35569 JIMIR Rehabil Assist Technol 2022 | vol. 9 | iss. 2 [e35569 | p.155
(page number not for citation purposes)

RenderX


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

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Hellstén et &l

Table 3. Proportion of physiotherapists who used remote physiotherapy before (early 2020) and during the COVID-19 pandemic (spring 2021).

Proportion of practice time (%) Total group, n (%) Public sector, n (%) Private sector, n (%) P value®

Before COVID-19 pandemic .03
0 212 (76.8) 41 (66.1) 171(80.3)
1-20 60 (21.7) 19 (30.6) 40 (18.8)
>20 4(1.4) 2(3.2) 2(0.9)

During the COVID-19 pandemic .20
0 65 (23.7) 15 (24.6) 50 (23.5)
1-20 177 (64.6) 35(57.4) 142 (66.7)
>20 32(11.7) 11 (18.0) 21(9.9)

3P values are based on chi-square tests.
Table 4. Methods and equipment used in remote physiotherapy on aweekly basis.
Total group, n (%) Public sector, n (%)  Private sector, n (%)  p yque?

Method A7
Real-time method 203 (71.0) 46 (69.7) 157 (71.7)
Method not tied to time 11 (3.8) 1(1.5) 10 (4.6)
Real-time method and method not tied to time 25(8.7) 5(7.6) 20(9.1)

Equipment
Computer/tablet 229 (79.0) 46 (67.6) 183 (82.98) .01
Smartphone 149 (51.4) 33(485) 116 (52.5) 58
Phone 51 (17.6) 18 (26.5) 33(14.9) 04
Activity tracker® 18(6.2) 3(4.4) 15(6.9) 58
Others® 10 (1.7) 1(15) 9(4.1) 76

3P values are based on chi-square tests.
bFor example, pedometer and accel erometer.

CExergame, television application, virtual reality, computer vision, artificial intelligence, robotics, smart textile, or augmented reality.

Discussion

Principal Findings

This study sought to investigate physiotherapists opinion on
the current state of RPin Finland. While the ongoing COVID-19
pandemic has increased the use of RP in everyday practice,
practicetimefor RPwasstill minimal, asjust 1in 10 used >20%
of practice time to conduct RP. The suitability of RP varied
across different disease groups. According to the
physiotherapists, RP is better suited for rehabilitees with lung,
heart, or musculoskeletal diseases than for rehabilitees with
neurological diseases. RP was most commonly performed with
acomputer/tablet or asmartphone and with real-time methods.
Less than 2% of physiotherapists used other technological
equipment (eg, VR, Al, or CV).

The COVID-19 pandemic has led to the rapid adoption of RP
by hospitals and clinics. RP has enabled physiotherapists to
continueto provide therapy to rehabilitees during the pandemic,
prevent further transmission of the virus, and decrease the
burden of the health system during this period [14,36]. Rapid
implementation of RPwas also observed in our study; however,
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we did not assess the use of RP with rehabilitators due to the
COVID-19 pandemic. Although still low, the number of
physiotherapistswho reported use of RPin their practice during
the study period increased. One explanation for the rapid
implementation of RP at the beginning of the COVID-19
pandemic may bethat the Social Insurance Institution of Finland
temporarily restricted conventional physiotherapy, and clinics
and hospitals were thus required to use RP. Prior to the
pandemic, RP was used more in the public sector than in the
private sector, which may be due to strategic decisions in the
public organizations. On the other hand, private sector
companiesare usually smaller and more dynamic, and this may
partly explain the rapid implementation of RP in the private
sector. Data security and protection systems are usually more
complex in the public sector, which may have aso affected
implementation of RP.

In the private sector, 4 in 5 physiotherapists did not use RP at
all prior to the COVID-19 pandemic, in contrast to 2 in 3in the
public sector. During the study period, the proportion of
physiotherapists who reported that they do not use RP has
decreased to dlightly over 20% in both sectors. This increased
use of RP observed in our study is consistent with the findings
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of Rausch et al [26] who observed that RP increased from 4.9%
(prior to the COVID-19 pandemic) to 44.6% (during the
COVID-19 pandemic). In their study, physiotherapists aged
<45 years used RP more than the older ones [23]. A
corresponding relationship between age and RP use was not
observed in our study (data not shown).

Previous studiesindicate that RP is comparableto conventional
physiotherapy for rehabiliteeswith stroke[22,37], hip and knee
osteoarthritis[38], chronic respiratory disease[11], and multiple
sclerosis[22]. In our study, the suitability “score” of RP seemed
to be higher among certain diseases (eg, asthmaor knee and hip
osteoarthritis) in which verbal communi cation, such as guidance
and advice, is a key element. Similarly, Rausch et a [26]
concluded that RP is used the most in guidance and advice for
rehabilitees. In contrast, RP seems to be poorly suitable for
rehabilitees with memory disorders and spinal cord injuries.
However, the current disease state should be considered when
planning physiotherapy. It may be that RP is suitable in the
early phase of, for example, neurological diseases, when
hands-on therapy is not essential. Overall, knowledge on RP as
an aternative or as a part of conventional physiotherapy in
different diseasesis still limited.

Physiotherapy hastraditionally been ahands-on profession, and
thereby physiotherapist may find it challenging to reach the
standard of conventional physiotherapy with RP. RP may require
changes in work routines and skills, as well as a greater
workload and changes in interaction with rehabilitees [39]. RP
cannot be used as replacement for the necessary contact between
the rehabilitee and the physiotherapist [21] and should not
replace conventional physiotherapy [26,32]. Further, barriers
for RPthat have been presented are demandsin communication
through a screen, lack of physical contact with rehabilitee, short
of appropriate rehabilitation equipment in rehabilitees
environment, digital literacy [32,40], and appropriate financial
compensation [26]. In some countries, insurance companies
hesitate to cover RP; however, itisnot anissuein Finland where
physiotherapists can decide what method to use, conventional
physiotherapy or RP. It should be noted that real-time methods,
which are the most used form of RP, still offer real-time contact
between the rehabilitee and physiotherapist even if the medium
isdigital. In our study, 71% (203/286) of the physiotherapists
reported having used real-time methods, 3.8% (11/286) methods
not tied to time, and 8.7% (25/286) both methods. RP may offer
opportunities to work more effectively with methods that are
not tied to time, but the use of these methodsis rare. However,
the advantages and disadvantages of such methods should be
tested in high-quality interventional studies.

A computer or tablet was the most chosen communication
medium. Thisiscomparablewith previousfindingsthat reported
that physiotherapists preferred real-time methods with video
technologies over other mediums[26,36,41,42]. Moreover, the
possibilities that the technology provides to the physiotherapy
process, rather than the method or technology itself, are
important. Rehabilitees who are not interested in or are
unfamiliar with the technology require more conventional
physiotherapy than enthusiastic rehabilitees who see advantages
on the use of technology and feel that RP could offer sufficient
support [8].
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In this study, almost three-quarters of the physiotherapists had
no experience or had <1 year experience of RP, which can affect
the use of RP. A previous study revealed that work experience
is associated with the perception of how convenient RP isin
clinical practice [41]. The willingness to use RP among
physiotherapists has been reported to be high [27]. For easy
implementation of RP in everyday practice, attention should be
paid to not only professional education and skill training [26,32]
but also common technical problems [43]. On the other hand,
hardware and software costs are decreasing, ICT speeds are
increasing, and the technology is continuously developing,
which collectively have a positive effect on the use of RP [44].
The use of RPis still rare, but appropriate technology coupled
with professional educationin RPfor undergraduate and recently
graduated physiotherapists allows for an increase in the
implementation of RP.

Strengthsand Limitations

A strength of this study is the number of physiotherapists
(n=662) who answered the survey, even if only atotal of 9.9%
(662/6525) answered. The physiotherapistswererecruited from
all municipalitiesin Finland and included physiotherapistswith
short and long clinical experience. Our physiotherapists could
somehow be generalizable to the broader Finnish physiotherapy
workforce, where 82% of employed physiotherapistsarefemale
with a mean age of 44.8 years, and the physiotherapists have
relatively long clinical experience.

Our study also had some limitations. Our survey data were
collected in Finland, and our findings may not be generalizable
to other countries where physiotherapists may have more
experience in RP and with a different health care system. The
proportion of physiotherapists in the private sector who
answered the questionnaire was higher than the corresponding
proportion in the overall Finnish physiotherapy workforce in
the private sector. Some of the physiotherapists in the private
physiotherapy organization are also members of the Finnish
Association of Physiotherapists and had the possibility to
respond twice to the questionnaire. To avoid such an overlap,
werecommended in theinformation letter not to respond twice.
Furthermore, we do not know the reasonsfor overrepresentation
of physiotherapists from the private sector in our study, but we
analyzed the private and public sector separately.

Further, one limitation of our study may be nonparticipation
bias. We recruited the study physiotherapists from the Finnish
Association of Physiotherapistsand from a private physiotherapy
organization, but we had to collect the data anonymously.
Therefore, it was not possible to analyze whether responders
were significantly different from nonresponders and how these
possible differences influenced the results of the study. Lastly,
the use of ascientifically unvalidated questionnaire can be seen
as a limitation. However, the questionnaire was based on
consensus in a broad expert group, essentia literature in the
field, and was pilot-tested.

Conclusions

Based on our results, the suitability of RP for different diseases
varies. During the COVID-19 pandemic, physiotherapists
increased use of RPintheir clinical practice, but useisstill rare.
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To conduct RP, physiotherapists use a computer/tablet or a may help physiotherapists and organizations in planning and
smartphone and use a real-time method. Other technological  implementing RP in everyday work and in the development of
equipment and methods are used infrequently. These results  physiotherapy education of ICT.
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