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G W N e

Abstract: Central nervous system diseases (CNSDs) lead to significant disability worldwide. Mobile
app interventions have recently shown the potential to facilitate monitoring and medical management
of patients with CNSDs. In this direction, the characteristics of the mobile apps used in research
studies and their level of clinical effectiveness need to be explored in order to advance the multidisci-
plinary research required in the field of mobile app interventions for CNSDs. A systematic review of
mobile app interventions for three major CNSDs, i.e., Parkinson’s disease (PD), multiple sclerosis
(MS), and stroke, which impose significant burden on people and health care systems around the
globe, is presented. A literature search in the bibliographic databases of PubMed and Scopus was
performed. Identified studies were assessed in terms of quality, and synthesized according to target
disease, mobile app characteristics, study design and outcomes. Overall, 21 studies were included
in the review. A total of 3 studies targeted PD (14%), 4 studies targeted MS (19%), and 14 studies
targeted stroke (67%). Most studies presented a weak-to-moderate methodological quality. Study
samples were small, with 15 studies (71%) including less than 50 participants, and only 4 studies
(19%) reporting a study duration of 6 months or more. The majority of the mobile apps focused on
exercise and physical rehabilitation. In total, 16 studies (76%) reported positive outcomes related
to physical activity and motor function, cognition, quality of life, and education, whereas 5 studies
(24%) clearly reported no difference compared to usual care. Mobile app interventions are promising
to improve outcomes concerning patient’s physical activity, motor ability, cognition, quality of life
and education for patients with PD, MS, and Stroke. However, rigorous studies are required to
demonstrate robust evidence of their clinical effectiveness.

Copyright: © 2023 by the authors.
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1. Introduction

Parkinson’s disease (PD), multiple sclerosis (MS), and stroke are among the most
40/). frequently occurring central nervous system diseases (CNSDs), leading to significant
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cognitive and motor disability, as well as increased mortality around the globe [1-6]. PD
mainly, but not exclusively, affects the motor system due to the death of nerve cells in
the substantia nigra, a region of the midbrain, leading to a dopamine deficit. It affects
more than 6 million people globally [7], and typically occurs in people over the age of
60. MS is a heterogeneous demyelinating disease that affects multiple domains, mainly
those related to mobility, upper limb dexterity, cognition and emotional regulation. The
prevalence of MS worldwide ranges from 5 to 300 per 100,000 people [8]. The condition
occurs in people between the ages of 20 and 50, and it is twice as common in women
as in men. It is also notable that stroke, caused by ischemic or hemorrhagic lesions, is
the second-leading cause of death and the third-leading cause of death and disability
combined worldwide [9,10] and that it occurs more frequently in people over the age of 65.
PD [11], MS [12], and stroke [13] result in compromised mobility and cognition, and/or the
experience of persisting symptoms such as fatigue, depression, and pain, which negatively
impact patients’ independence and quality of life (QoL) [14,15].

Considerable progress has been made in symptom control and rehabilitation in PD,
MS and stroke. Technological tools used for the reduction of modifiable risk factors and
better symptomatic management could be valuable for patient health and QoL [16-20]. In
this context, mobile applications (or mobile apps) have been used extensively to support
CNSD patients with the regular monitoring or management of their disease [21-25], which
is largely possible because of their sensing and communication capabilities and the fact
that they are accessible, acceptable, and easily adopted [26]. In light of the COVID-19
pandemic, during which the enforcement of social isolation measures and consequent
drastic behavioral changes were observed, the use of mobile apps to support patients with
CNSDs, facilitate remote communication with the care team, and enable the tracking of
disease progression, is both timely and necessary [27-29].

In this paper, a systematic review of studies utilizing mobile apps for PD, MS, and
stroke is presented. In contrast with previous reviews [21-23], we target broadly three
common, non-traumatic causes of motor and cognition disability, in order to embrace
a wide range of physical activity, physiological, and psychosocial outcomes, synthesize
findings, indicate similarities and differences among the studies, highlight outcomes and
identify possible gaps in or limitations to the use of mobile apps in this area. Further,
potential implications in clinical practice, taking into account that the three diseases require
an interdisciplinary approach, are discussed. The main question that this review is trying
to answer is: What are the characteristics of the mobile apps used in research studies and
what is their level of clinical effectiveness for PD, MS, and stroke? Ultimately, the goal of
this review is to advance the understanding of the research community of the progress
made in the field of mobile apps for CNSDs based on the currently available evidence from
the scientific literature.

2. Materials and Methods

Below, the methodology for the conduction of the systematic review is described in
terms of eligibility criteria for study inclusion, study search and selection, as well as study
quality assessment and synthesis.

2.1. Eligibility Criteria

The studies included in the review were limited to those related to mobile app-based
interventions targeting PD, MS, or stroke. We also included studies utilizing apps designed
for use by one or more of the following user groups: medical professionals, patients and/
or caregivers. Furthermore, eligible studies should describe validation or testing of mobile
apps in clinical, assisted living or home environments and provide quantitative outcomes.
Studies should be written in English. We excluded studies that were presented as letters to
editors, case reports, qualitative or simulation studies, pre-print papers, studies describing
protocols, and surveys or reviews.
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2.2. Study Selection

A search was conducted on the online literature databases of PubMed and Scopus in
order to identify mobile apps for use in the prognosis, diagnosis, treatment, or monitoring
and management of PD, MS, and stroke.

The strings “(mobile app) OR (app) OR (mobile application) OR (mobile phone) OR
(smartphone) OR (mobile health) OR (mHealth) AND (Parkinson)”, “(mobile app) OR
(app) OR (mobile application) OR (mobile phone) OR (smartphone) OR (mobile health) OR
(mHealth) AND (multiple sclerosis)”, and “(mobile app) OR (app) OR (mobile application)
OR (mobile phone) OR (smartphone) OR (mobile health) OR (mHealth) AND (stroke)”were
used to search within the title, abstract, and keywords of the articles. Authors AT, SS, SZ,
CM, EE, SV, AB, NP, IK, EM, AS, LB, VT, FC, CMN, and LP independently screened and
identified articles in order to minimize possible bias and errors in the selection process.
Any disagreements were resolved by reaching a consensus after a discussion between the
authors. The authors initially screened the abstracts of identified articles for inclusion and
assessed their eligibility according to the pre-defined inclusion and exclusion criteria. The
authors selected the final articles for inclusion after reading the full text of the eligible
articles, as well as their references.

2.3. Study Quality Assessment and Synthesis

The study quality of included studies was assessed through the Effective Public
Healthcare Practice Project (EPHPP) quality assessment tool for use in quantitative studies
(by authors AT and SZ). The EPHPP tool has been widely used and it is considered
to be reliable [30]. The included studies were synthesized (by authors AT, SS, and SZ)
according to their target, the commercial availability of the used mobile app, mobile app
main features, study design, the number of enrolled participants and their age, follow-up
duration, and outcomes. This systematic review was conducted following the PRISMA
(preferred reporting items for systematic reviews and meta-analyses) guidelines [31].

3. Results

The results of the review are described below in terms of article screening outcomes,
study quality assessment, narrative synthesis of the main mobile app and the study char-
acteristics and outcomes. In addition, a brief description of each mobile app intervention
is provided.

3.1. Screening Results

Our last search in July 2021 identified 2769 articles from the PubMed database and
2722 articles from the Scopus database. All retrieved records were imported in the Mende-
ley citation management software, which identified 1255 duplicates. We screened the
abstracts of the remaining 4236 articles according to our inclusion and exclusion criteria,
and 32 articles were found to be eligible for full-text screening. After reading the full text
of the articles, the authors agreed to include 21 articles in the review. Most studies targeted
patients with stroke (14 studies), followed by studies targeting MS (4 studies) and PD
(3 studies). The screening procedure along with reasons for excluding articles are depicted
in the PRISMA flow diagram in Figure 1.

3.2. Study Quality Assessment

Study quality varied, with 10 studies receiving a weak (W) global rating and 8 studies
receiving a strong (S) global rating in the EPHPP quality assessment tool for quantitative
studies. From 3 studies targeting PD, only 1 (33%) was found to be of strong quality,
whereas 3 out of 4 studies (75%) in MS were rated to be strong. Only 4 out of 14 studies
(28%) utilizing mobile apps for stroke received a strong global rating. The most common
factors leading to weak study quality were found to be selection bias in the study sample
and a lack of control of confounders. The EPHPP component and global ratings are
presented in Table 1.
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Figure 1. Prisma flow diagram for study inclusion.
Table 1. Quality assessment of studies based on the EPHPP criteria (studies sorted by disease
alphabetically, SB: Selection Bias, SD: Study Design, CF: Confounders, BL: Blinding, DC: Data
Collection, WD: Withdrawals and Dropouts, GR: EPHPP Global Rating, W: Weak, M: Moderate,
S: Strong).
Authors SB SD CF BL DC WD GR

Ellis et al., 2019 [32]
Ginis et al., 2016 [33]
Landers et al., 2020 [34]
Golan et al., 2020 [35]
Nasseri et al., 2020 [36]
Pedulla et al., 2016 [37]
Van Geel et al., 2020 [38]
Burgos et al., 2020 [39]
Chae et al., 2020 [40]
Choi et al., 2016 [41]
Chung et al., 2020 [42]
Grau-Pellicer et al., 2020 [43]
Ifejika et al., 2020 [44]
Kang et al., 2019 [45]
Langan et al., 2020 [46]
Paul et al., 2016 [47]
Requena et al., 2019 [48]
Sarfo et al., 2018 [49]
Sawant et al., 2020 [50]
Verna et al., 2020 [51]
Xu et al., 2021 [52]
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3.3. Mobile app Characteristics

Mobile app characteristics are presented in Table 2 in terms of app name, commercial
availability, target disease, language and app type. Commercially available mobile apps
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were used in 6 studies (28%), whereas the remaining 15 studies (72%) did not provide any
data on the commercial availability of thr apps used. All mobile apps for PD targeted
exercise or physical rehabilitation. Half of the mobile apps for MS (50%) targeted exercise,
whereas one app targeted cognitive training, and another the improvement of treatment
adherence. In mobile apps for stroke, 9 out of 14 (64%) targeted exercise, whereas 3 apps
(21%) targeted health education, 1 app targeted the improvement of the patient’s diet, and
another app was utilized in the context of cognitive training.

Table 2. Mobile app characteristics.

Authors App Name Co?l‘l,::el:]c)il:lly Target Disease(s) App Type
Ellis et al., 2019 [32] Wellpepper Yes Parkinson’s Exercise/ Physical activity
FOG-cue app (Inertial
measurement units
Ginis et al., 2016 [33] combined with a No data Parkinson’s Physical rehabilitation
smartphone application
(CuPiD-system))
Landers et al., 2020 [34] 9zest Parkinson’s Therapy Yes Parkinson’s Exercise/Physical activity
Golan et al., 2020 [35] MyMS&Me No data Multiple Sclerosis Treatn;e:g;glﬁerence
Nasseri et al., 2020 [36] N/A No data Multiple Sclerosis Exercise/Physical activity
Pedulla et al., 2016 [37] COGNI-TRAcK No data Multiple Sclerosis Cognitive training
Van Geel et al., 2020 [38] WalkWithMe No data Multiple Sclerosis Exercise/Physical activity
Burgos et al., 2020 [39] No data No data Stroke Physical rehabilitation
Chae et al., 2020 [40] N/A No data Stroke Physical rehabilitation
Choi et al., 2016 [41] MoU-Rehab No data Stroke Physical rehabilitation
Chung et al., 2020 [42] N/A No data Stroke Exercise/Physical activity
Grauélgggl[cg]et al., Fitlab Yes Stroke Exercise/Physical activity
Ifejika et al., 2020 [44] Lose it! Free mobile app Stroke Diet
Kang et al., 2019 [45] SHEMA No data Stroke Health education
Langan et al., 2020 [46] mRehab No data Stroke Physical rehabilitation
Paul et al., 2016 [47] STARFISH No data Stroke Exercise/Physical activity
Health
Requena et al., 2019 [48] Farmalarm No data Stroke education/Treatment
adherence support
Sarfo et al., 2018 [49] 9zest Stroke Rehab App Yes Stroke Exercise/Physical activity
Sawant et al., 2020 [50] Dexteria Yes Stroke Physical rehabilitation
Verna et al., 2020 [51] Te.M.P.O. No data Stroke Cognitive training
Xu et al., 2021 [52] Rehablht.atlon No data Stroke Health education
Guardian

3.4. Study Characteristics

Study characteristics in terms of intervention, main features, study design, study
duration, study sample, outcome measures and outcomes are presented in Table 3. Over-
all, study samples were small, with 15 studies (71%) including less than 50 participants,
3 studies (14%) including 50 to 100 participants, and 3 studies (14%) including 100 or more
participants. The studies which included more than 100 participants targeted MS and
stroke only. In terms of study design, 12 studies (57%) employed a randomized controlled
trial (RCT) design, and 9 were non-randomized experimental or observational studies
(43%). Totals of 2 out of 3 studies (66%) for PD, 3 out of 4 studies (75%) for MS, and 7 out
of 14 studies (50%) for stroke were RCTs. The study duration was less than 3 months for
11 studies (52%). A total of 6 studies (29%) reported a study duration of 3 to 6 months,
and only 4 studies (19%) reported a study duration of 6 months or more. Only 1 study
among the 14 studies (7%) for stroke had a duration of 6 months or more. The longest study
duration reported was 1 year (2 studies for PD and MS).
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able 3. Characteristics of included studies.
Table 3. Characterist f included stud
Stud Outcome Statistically
uthors ntervention ain Features tu esign ; tu ample ignificant
Auth I i Main F Study Desig Y Study Sampl Signifi
Duration Measures
Outcomes (Yes/No)
Remote Physical activity,
monitoring, health-related No—No difference in
Ellis et al., Exercise reminders, RCT 12 months 51 patients, mean quality of life, physical activity
2019 [32] program communication age 64.1 (9.5) years walking capacity, between the
with care team, adherence, safety, two groups
plan adaptation acceptability
Gait speed under
usual and dual-task
Detection of FOG, (DT) conditions. Yes—Intervention
. Gait training and exercises to 6 weeks + . Secondary group improved
Gzl(r)lllz ?;311 M freezing of gait improve gait, RCT 4 weeks 40 patlentst (Z‘C’;e not outcomes: balance more in terms of
: (FOG) detection continuous cueing follow-up reporte and movement balance and quality
while walking scales, quality of of life
life, Parkinson’s
global status
Customized Movement
exercise program, measures: 30 s
calibrated to the . .. sit-to-stand (STS),
. . , Prospective, 28 participants, . .
Landersetal.,, Physical exercise user’s level of . timed up and go Yes—Improvement in
) S . single-cohort 12 weeks mean age 62.1 . )
2020 [34] program functioning using a (TUG); Parkinson’s all measures
X study (9.6) years .
proprietary Disease
algorithm to select Questionnaire 8
exercises (PDQ8)
E-diary for 117 patients: 62 in
assessmont and Medication intervention, mean No—Similar
Golan et al., enhancement of reminders RCT 12 months age 40.3 Adherence to adherence for the
2020 [35] medication self-re orté (11.4) years; 55 in physical activity intervention and
adherence P control, mean age control groups
42.3 (13.9) years
Multimedia
Promotion of content for .
Nasseri et al physical activity physical activity 38 patients, mean No—No difference
M promotion, RCT 3 months . Physical activity between the two
2020 [36] through texts, - age 51 years found
images, video statistics on ) groups was foun
’ performed physical
activity
Cognitive
exercises Working
Pedullaetal., through mobile memory-based 28 patients, mean Neuropsychological Yes—Improved
app with . . RCT 8 weeks assessment, cognition in the
2016 [37] . exercises in mobile age 47.5(9.3) years . .
automatic app adherence intervention group
exercise level
adaptation
Tracking of Physical activity.
Van Support in walking activities, Secondary Yes—Improvements
ipportin. verbal feedback 19 patients, mean outcomes: : b .
Geel et al., physical activity h h a virtual Cohort study 7 months 425 ition. fati in physical activity,
2020 [38] (walking) through a virtua age 42.5 years cognition, fatigue, cognition and fatigue
coach to reach health related
goals quality of life.
Yes—Improvements
Improvement of 10 stroke patients, Berg balance scale, compared to control
Burgos et al
2020 [29] ”  balance of stroke Exergames RCT 4 weeks mean age 61.3 Mini-BESTest, and group in Berg balance
patients (8.3) years Barthel scale scale and
Barthel scale
Wolf Motor
Improvement of function test
upper limb . (WMFT),
function Exercise 3 Chrl?:il‘f srtr.oke Fugl-Meyer Yes—Improvement
Ch (through a recognition and Prospective _SUIVIVOTS: assessment of P provements
aeetal., N . R intervention, mean . of WMFT and ROM
) smartphone sharing of exercise comparative 18 weeks R upper extremity, d
2020 [40] collecting and data with study age 583 (9.3) years; grip power test, compared to
providing therapists control, mean age Beck depression control group
64.5 (9.6) years .
feedback on inventory, and
exercise data) range of motion
(ROM) assessment
Fugl-Meyer
assessment of the
upper extremity
. . (EFMA-UE),
10 sessions .24 Eane_ntstwi(th Brunnstrom stage
. Mobile game-based of daily , lschemic Stroxe: (B-stage) for the Yes—Greater
. Upper extremity f X intervention, mean . .
Choi et al., rehabilitation virtual reality RCT therapy, ace 61.0 arm and the hand, improvement in
2016 [41] rooTam rehabilitation 5 days per (15g2) § s manual muscle FMA-UE, B-stage,
progra program week for t '1 years; testing (MMT), and MMT
2 weeks contro, mean age modified Barthel

72.1(9.9) years

index, EuroQol-5
dimension, and
Beck depression
inventory




Sensors 2023, 23, 3396 7 of 16
Table 3. Cont.
. . . Study Outcome St.a tls.tl.cally
Authors Intervention Main Features Study Design : Study Sample Significant
Duration Measures Outcomes (Yes/No)
. . 56 stroke patients, Yes—Improvement of
Chung et al., Exercise Videos to perform . exercise adherence
. RCT 90 days mean age 69.8 Exercise adherence
2020 [42] program exercise (14.9) years compared to
' control group
41 chronic stroke
Improvement of survivors: Yes—Communit;
Grau- physical activity Visualization of intervention, I;\ean ambulation increa;,ed
: through results and : Adherence to R
Pellicer etal., N RCT 8 weeks age 62.96 . - more, and sitting time
) feedback and communication X physical activity .
2020 [43] . A X . (11.87) years; was reduced in the
visualization with supervisors : .
control, mean age intervention group
methods
68.53 (11.53) years
Recording of meals, 36 :;eiei Arflrlcran No—No significant
Ifejika et al., Weight loss compliance RCT 6 th Hi erica t.o " Reduction in total difference compared
2020 [44] intervention notifications, months 1;%2?2;:;:? S, body weight to keeping a food
reminder messages ’ journal in paper
(9.4) years
76 stroke patients:
Educational intervention, mean .
Kang et al., intervention to Educational age Stroke knowledge, No- No differences
) . RCT 30 days health-related compared to
2019 [45] improve stroke content 50.47 (10.82) years; X R
Knowledge control, mean age quality of life control group
52.33 (11.03) years
Improvement of
upper limb Guidance for Single-subiect Yes—Improvements
Langanetal,  mobility through practice of " 8 im. r{ tal 6 K 16 participants, Changes in clinical in functional
2020 [46] the conduction activities of daily € Pem de a weeks 37-78 years old assessments performance and
of daily living living study hand dexterity
activities
Physical activity,
sedentary time.
Secondary
outcomes: heart
. te, blood
Support in . rate,
physical activity 23 peftlent's (12 pressure, boc_ly
. [ women; age: 56.0 £ mass index, fatigue o .
(walking) Gamification, goals 10.0 vears, time severity scale Yes—Average daily
Paul et al., through and rewards Experimental 6 weeks sinc.e sytroké' 40+ instrur}rllental, step count increased
2016 [47] ‘gan}lﬁc.at.mn through Vls_ual study 4.0 years). 15 activity of daily in the intervention vs.
with individual representations . . A control group
nd o 1 intervention/8 living scale,
a ang roeli\gﬁg: s control ten-meter walk test,
stroke-specific
quality of life scale,
and psychological
general well-being
index
Str'oke awareness Medication alerts
via mobile app .
for control of and compliance 2-arm
- control, chat . Yes—4 out of 4 risk
R vascular risk e open-label 159 stroke patients, .
equenaetal., factors: communication nonrandom- 4 weeks mean age 58.4 Under control risk factors under control
2019 [48] h . with medical staff, . 8€ 20 factors was higher in
ypertension, didactic vid ized (11.4) years int G
diabetes idactic video, study intervention group
cholester(;l exeraise
smoking ! monitoring
stroke levity scale
(SLS), modified
Rankin score,
Barthel’s index of
activities of daily
. : living, national .
Single-site, R Yes—Improvement in
Sarfo et al Physical exercise Standardized single-arm, éi;\_/:fx;i 20 stroke survivors, 1ns£1ttrl(1)tlfeosf£f§1th SLS, and MoCA
o1 rehabilitation observational . mean age 54.6 o scores. Excellent
2018 [49] program - exercise Montreal cognitive A
program prospective (10.2) years t participant
ilot study program assessmen satisfaction
p (MoCA), fatigue

severity scale,
visual analogue
scale for pain,
feasibility
outcomes
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Table 3. Cont.
Stud Outcome Statistically
Authors Intervention Main Features Study Design D Y Study Sample Significant
uration Measures
Outcomes (Yes/No)
39 participants in
3 groups
(13 participants per
group): (A) Yes—All three groups
conventional hand improved on hand
therapy, mean age function
Sawantetal.,  App-based hand Hand training: tap, Experimental 50.2 (8.1) years, . post-treatment.
2020 [50] therapy pinch and scribble study 30days (B) app therapy, Hand function Group C (combined
mean age 52.7 therapy) displayed
(8.8) years, (C) the largest
conventional improvement
therapy along with
app therapy, mean
age 53.6 (6.2) years
Cognitive Lo
exercise using disability rating YZS.ESIgmﬁC.a nt
variations of scale (DRS), the urerences m
. . . ce effectiveness were
Verna et al. music tone 30 inpatients, mean modified Barthel found
v during the Music listening RCT 4 weeks age 57.53 index (MBI), R
2020 [51] qurt ) in the
listening of a (13.33) years. stroke-specific .
N . between-subject
sequence of quality of life analysis of S5QoL
different music scale (SSQoL) Y
and DRS scores
themes
App-based Changes in
continuing hysiological
nursing care to 101 stroke patients: Py S
. . X N indicators, motor
support the Patient diary, intervention, mean function
Xuetal.,, self-efficacy, communication Experimental 3 months age 68.52 self-efficac alit Yes—Improvements
2021 [52] quality of between patient study (3.15) years; ofy’ quatity in all outcomes

life, and motor and care team
function of

stroke patients in

control, mean age
68.68 (3.18) years

life, and
satisfaction toward
nursing

the community

3.5. Study Outcomes

Physical activity and motor function measures were the most common outcomes and
were found in 15 studies (71%). Quality of life was also another common outcome measure,
being found in 8 studies (38%). Other outcome measures included cognitive assessment
(3 studies, 14%), as well as depression (2 studies, 9%). In terms of the demonstration of sta-
tistically significant outcomes for the used interventions, 16 studies (76%) reported positive
outcomes, whereas 5 studies (24%) clearly reported no difference compared to the usual
care methods. Of the 16 studies which reported positive outcomes, 12 (75%) concerned
physical activity and motor function outcomes, whereas 2 studies assessed quality of life,
1 study assessed patient cognition, and another assessed patient stroke knowledge. RCTs
were 7 out of those 16 studies (43%). However, only two RCT studies with positive out-
comes were rated to having a strong quality [37,51] (both providing cognitive exercise
interventions for MS and stroke), and only one RCT study had a duration of 3 months or
more [42] (providing a physical exercise intervention for stroke).

On the contrary, the studies which did not demonstrate positive outcomes were all
found to be of high quality. These included a 12-month RCT to assess physical activity
outcomes of an exercise program in PD [32], a 12-month RCT to assess treatment adherence
of a mobile app with an e-diary in MS [35], a 3-month RCT for the promotion of physical
activity through multimedia content in MS [36], a 6-month RCT for weight loss in stroke [44],
as well as a 1-month RCT for the improvement of stroke knowledge and quality of life [45].

3.6. Mobile App Interventions for CNSDs
3.6.1. Parkinson’s Disease

Three studies focused on PD. Further details about these studies are provided below:
Ellis et al. [32] conducted a study that explored the effectiveness of administering
and managing a long-term (12 month) exercise program for sustained physical activity in
44 (23 interventions, 21 control) patients with mild-to-moderate PD. The “mHealth” group
patients used an iPad application, which enabled tracking of personal performance, as well



Sensors 2023, 23, 3396

9o0f 16

as improved communication with the physical therapist. Control group patients did not use
the application. Changes in physical activity-, functional capacity-, and health-related QoL
were used to measure the effectiveness of the intervention. The results showed clinically
relevant changes for the mHealth group in terms of walking capacity and perceived
mobility QoL, but no statistically significant differences were found in the physical activity
(measured by average number of steps).

Ginis et al. [33] conducted an RCT involving 38 PD patients (20 intervention, 18 control)
to assess the effectiveness of the CuPiD gait training application to gait-, balance- and health-
related QoL compared to conventional gait training. The CuPiD system consisted of a
smartphone, a docking station and two inertial measurement units (IMUs) and integrated
three functions: (1) measurement of gait in real-time, (2) auditory biofeedback on one
or more spatiotemporal gait parameters, and (3) rhythmic auditory cueing to prevent or
overcome freezing-of-gait episodes. This was a 6-week intervention trial with a 4-week
follow-up period. The study primarily assessed gait speed under usual and dual-task
(DT) conditions and, secondarily, gait-, balance- and health =-related QoL. The system was
well-accepted, feasible for minimally supervised at-home use and effective for gait and
balance training. Both groups improved in terms of the primary outcomes of gait speed
under comfortable and DT conditions at post-test and at follow-up. The CuPiD approach
demonstrated itself to be better at improving balance than conventional gait training.

Landers et al. [34] conducted a prospective, single-cohort study. This involved 28 PD
patients and assessed the effectiveness of the 9zest Parkinson’s Therapy app in physical
exercise and the rehabilitation of Parkinson’s patients. The app assessed the patient’s
status at baseline and, through self-report measures and performance metrics, provided
an artificial intelligence-enabled, individualized exercise program based on a library of
exercise videos. Additionally, the app tracked user performance and status over time
while utilizing a suite of behavioral change techniques to promote exercise and healthy
living. The study assessed movement and overall disease status. At the end of the 12-week
intervention, participants demonstrated improvements in all metrics.

3.6.2. Multiple Sclerosis

A total of 4 studies have been included which address the chronic disease of MS:

Golan et al. [35] conducted a 12-month randomized controlled trial. The study in-
volved 117 patients (62 intervention, 55 controls) and evaluated the validity and the effec-
tiveness of MyMS&Me, a smartphone-based e-diary adherence to disease-modifying drugs
(DMDs) assessment tool (Vs no assistant). The application sent reminders to take DMDs
and asked users to mark their actual intake in the e-diary. The study assessed medication
adherence. The proportion of patients with poor adherence to DMDs was similar in both
groups. E-diary reminders did not have a significant effect on the non-adherence rate in
either subgroup.

Nasseri et al. [36] conducted a 3-month RCT. This involved 38 patients (intervention
18, control 20) and investigated how the use of a smartphone application which provides
evidence-based patient information can lead to behavioral changes, and more specifically
to an increase in physical activity in patients with progressive multiple sclerosis. The
intervention group was provided with the smartphone app and the control group with only
a leaflet with information related to exercising. Use of the app did not enhance physical
activity compared to the leaflet. However, the group that used the mobile app illustrated
more motivation to develop an active lifestyle.

Pedulla et al. [37] conducted an 8-week RCT. This involved 28 patients (14 intervention,
14 control) and assessed the efficacy of a cognitive rehabilitation intervention based on
working memory exercises while measuring the influence of adaptive vs. non-adaptive
memory exercises on cognitively impaired patients. The COGNI-TRAcK app was used to
accomplish this personalized training as it provides the flexibility to work off-line and on
off-the-shelf devices, making it a low-cost method for cognitive training at home. Patients of
the adaptive cohort displayed improved cognition at the end of intervention and 6-month
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follow up. Significantly fewer improvements were recorded at either time point in cognition
for the non-adaptive group.

Van Geel et al. [38] conducted a 7-month cohort study. This involved12 patients
and assessed the effectiveness of the WalkWithMe app in supporting patients with MS in
physical activity. The app tracks and quantifies users’ walking performance and provides
appropriate feedback. The study assessed physical activity-, cognition-, fatigue- and
health-related QoL. Participants showed improvements in all assessed domains after the
intervention. A strong acceptance of intervention indicates that app-based low-cost remote
physical rehabilitation intervention can be enjoyable and beneficial for mobility, cognition
and QoL.

3.6.3. Stroke

In respect to stroke, 14 studies have been included:

Burgos et al. [39] conducted a 4-week RCT. This involved 10 patients (6 intervention,
4 control) and assessed the effectiveness of an exergaming app for improving the balance
of stroke patients. The study assessed balance and the activities of daily living. At the end
of the 4-week intervention period, patients showed improvements in both balance and in
the activities of daily living.

Chae et al. [40] conducted an 18-week non-randomized comparative clinical study
with 33 chronic stroke survivors in the context of assessing the effectiveness of an exercise-
based rehabilitation system. The system involved the use of a smartwatch and a mobile
app to collect exercise data, as well as machine learning algorithms to detect the performed
exercises. Statistically significant improvements in motor function and motion function in
the intervention group were noticed in comparison to the control group.

Choi et al. [41] conducted a 6-week, double-blind RCT involving 24 patients with
ischemic stroke (12 intervention, 12 control) and assessed the effectiveness of the MoU-
Rehab mobile game-based virtual reality upper extremity rehabilitation program. It was
shown that upper extremity functionality was improved after the intervention as assessed
by relevant scales and the participants were generally satisfied with the MoU-Rehab app.

Chung et al. [42] conducted a 90-day single-blind RCT. This involved 56 patients
(27 intervention, 29 control) and compared the effectiveness of a mobile video-guided vs.
the standard paper-based home exercise program in the treatment of patients with stroke.
Both programs relied on the same set of exercises based on validated guidelines. Traditional
pamphlets, including photographs and instructions of exercises, were substituted with
videos in the experimental group. Treatment frequency and duration were prescribed
by the participants” physiotherapists according to their individual needs and abilities.
Adherence, self-efficacy and functional outcomes were evaluated. The video-supported
program was superior to standard programs in terms of exercise adherence, self-efficacy
and mobility gain but did not bring any improvements to the activity of daily living for
patients recovering from stroke.

Grau-Pellicer et al. [43] conducted an 8-week cohort study. This involved 41 patients
(24 intervention, 17 control) and assessed the effectiveness of the FitLab app in improving
adherence to physical activity among stroke survivors. The app primarily monitored
walking distance and walking speed/endurance to understand adherence to physical
activity (in terms of walking and sitting time/day). The FitLab app suggested improvement
to physical activity for patients via feedback and visualization methods. In comparison to
the control group, the group which had made use of the FitLab was shown to have increased
community ambulation and reduced sitting time, thus demonstrating the stimulation of
physical activity.

Ifejika et al. [44] conducted a study. This involved 36 obese African American or
Hispanic patients (17 interventions, 19 as control group) in order to assess the effectiveness
of the Lose it! app versus a pocket-sized CalorieKing Food & Exercise Journal. The app
tracks a patient’s daily intake and net calories based on the consumed food and exercise,
respectively. A similar procedure is followed for the food journal group through a review of
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written entries, with similar caregiver assistance provided in both cases. Multiple indexes
regarding the depression rates, cognitive impairment, and inability to ambulate were
measured. The use of the smart app did not lead to a significant difference in weight loss
compared to the food journal-based intervention, but a significant decrease in depression
rate was found in the smartphone group.

Kang et al. [45] conducted a 30-day RCT. This involved 63 patients (30 interven-
tions, 33 control) and assessed the effectiveness of the stroke health education mobile app
(SHEMA) in improving knowledge of stroke risk factors and health-related quality of life
(HRQOL). The patients received a stroke health education brochure and a mobile stroke
health education application (SHEMA), with the same stroke-related health information
given for the control group and the intervention group, respectively. There was no sig-
nificantly greater change in knowledge about stroke or QoL in the intervention group
compared to those receiving traditional health education.

Langan et al. [46] conducted a 6-week single-subject experimental study. This involved
16 patients and assessed the effect of a mobile application (mRehab) in improving upper
limb mobility. The application times and observes the individuals as they perform tasks
with 3D-printed household items (e.g., mug, key), such as moving the objects. When the
patients complete a task, the application measures the quality of movement (smoothness,
accuracy) as well as the time that was necessary for completing the task. Improvements in
functional performance and hand dexterity were observed.

Paul et al. [47] conducted a 6-week study. This involved 23 patients (15 interventions/
8 control) and assessed the effectiveness of the STARFISH app for supporting physical
activity (walking) in patients through gamification with individual and group goals and
rewards. Each user is represented by a fish in a virtual fish tank. Fish grow and the virtual
fish tank becomes enriched the more the users walk. The intervention led to increases in
step count and walking time (which are closely related) for patients.

Requena et al. [48] conducted a 4-week 2-arms open-label nonrandomized study.
This involved 159 patients (107 intervention, 52 control) and assessed the effectiveness of
the Farmalarm app in controlling vascular risk factors in patients with atroke. The app
features medication alerts and compliance control, a chat feature for communication with
medical staff, didactic videos and exercise monitoring. The study assessed the control of
hypertension, diabetes, cholesterol and smoking. Patients presented with improved control
of all four risk factors at the end of the 4-week intervention.

Sarfo et al. [49] conducted a 12-week, single-site, single-arm, observational prospec-
tive study. This involved 20 people with stroke and assessed the efficacy of the 9zest
Stroke Rehab App. The app provides 4 categories of exercise, which include mobility,
balance, endurance and strengthening, there are progressively advanced by a tele-therapist.
Study outcomes showed that there was an increase in the stroke levity, indicating a lower
functional impairment and an improvement of cognition.

Sawant et al. [50] conducted a 30-day cohort study. This involved 39 patients (13 of
conventional hand therapy, 13 of app therapy, 13 of conventional therapy along with app
therapy) and assessed the effectiveness of the Dexteria app in post-stroke rehabilitation
applications. The app administers four different exercises, a tapping-screen, and a pinching
and a drawing exercise. The study showed that the combined program resulted in better
improvement in hand function for patients using the Dexteria app (either alone or in
combination with physical therapy) compared to patients receiving only physiotherapy.

Verna et al. [51] conducted a 4-week RCT. This involved 24 patients (12 intervention,
12 control) and assessed the effectiveness of the mismatch negativity (MMN) technique
in assisting at the early stages (<6 months) of post-stroke recovery. Patients used the
TeMPO Android application to generate ad hoc musical theme compositions. This was
executed with different musical tones and allowed for the mixing of themes. Intervention
group patients were asked to report theme discrepancy (mismatch) in 20 min long music
listening sessions, while control group patients had to do the same but were given no
mismatched themes. Results of the rehabilitation intervention measured, in terms of
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changes in disability and QoL, showed improvements in both groups, with better overall
metrics for the experimental group.

Xu et al. [52] conducted a 3-month retrospective study. This involved 101 (51 intervention,
50 control) community-dwelling patients and assessed the effectiveness of the Rehabil-
itation Guardian health education app. The app technology comprises four functional
modules, including health reminder, consultation, health information, and patient diary.
The intervention group improved in terms of physiological indicators, motor function,
self-efficacy, quality of life, and satisfaction toward nursing.

4. Discussion

A systematic literature review of interventional studies utilizing mobile apps was
conducted for three CNSDs posing a significant international burden: PD, MS, and
stroke [53-55]. The primary finding of this review is that mobile apps were found to
be promising interventional tools to support physical activity, rehabilitation, cognitive exer-
cising, medication adherence and education with a potential impact on clinical practice and
on the interdisciplinary approach needed to treat these three major neurological diseases.
In particular, the mobile apps could help in: disease monitoring during daily living activi-
ties, enriching the granularity of clinical data needed for a clinician in order to improve
prescription of therapeutic interventions and the subsequent patient adherence; delivering
interdisciplinary rehabilitation in different settings (at home, outpatient clinics or hospital),
helping different categories of healthcare professionals (physician, physical therapist, occu-
pational and speech therapist, nurse, neuro-psychologist); improve the self-management of
the disease by increasing adherence to physical activity or remote delivering of cognitive
rehabilitation. However, the weak-to-moderate quality of the majority of the studies, as
well as their small samples and short duration, prevented us from demonstrating robust
evidence of the clinical effectiveness of mobile-based interventions in comparison with
standard care.

This review identified 21 studies assessing mobile apps for PD, MS, and stroke. Stroke
was the most represented disease, with 14 studies, whereas 4 studies reported mobile app
interventions for MS, and 3 studies reported interventions for PD. Physical activity and reha-
bilitation were the most common focuses of the included apps. The majority of apps utilized
in the studies were not commercial (or did not provide data on commercial availability).

The methodological quality of most studies was not considered high according to the
EPHPP criteria. This was more apparent for studies in stroke. Furthermore, most studies
employed small samples, with 15 studies including less than 50 participants. Interestingly,
the lowest numbers of recruited patients were detected in studies for PD. The small sample
size makes it difficult to determine if a particular outcome is a true finding [56]. In this
direction, future studies should carefully examine their methodology and recruitment
strategies to make higher participation rates possible [57]. It is also notable that only
4 studies had a follow-up duration of 6 or more months. The short trial duration makes the
benefits of the mobile app-based interventions over longer periods questionable, a finding
which has also been shown in other reviews [58,59].

The present review highlights the importance of appropriate study design for the
evaluation of apps against the standard of care [60-62]. While all non-randomized clinical
studies demonstrated improved outcomes for patients using mobile apps, studies with
an RCT design and high methodological quality indicated mixed findings. The finding
that studies of higher quality tended to present less evidence for the usefulness of the
interventions, is in accordance with other reviews in the area of the use of mobile apps for
disease management [21,63].

Concerning the effectiveness of apps for various domains, mobile apps seem to be
useful in supporting exercise in all three target diseases. More specifically, they lead to
improvements in overall physical activity, movement metrics, daily step count and ambula-
tion, fatigue, exercise adherence and disease severity, quality of life and education, while,
interestingly, two studies with high methodological quality which employed cognitive
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exercise interventions showed positive outcomes. However, it must be noted that the
two longest studies included in this review with follow-ups of 12 months did not show
improvement in physical activity in PD and treatment adherence in MS.

The findings of this review indicate also some future directions, which should be
considered by researchers in order to advance the field of prevention, monitoring, and
management of brain diseases through mobile apps. First of all, more rigorous and high-
quality studies are required in order to assess the effectiveness and outcomes of mobile
apps for patients [64—67]. It is apparent from this review that longer-term studies with
larger patient samples are needed which are able to show potential statistically significant
outcomes, e.g., in patient’s physical activity, cognitive function or quality of life. Secondly,
the focus of studies utilizing mobile apps for PD, MS and stroke, has so far largely been
on physical activity and motion outcomes. More rigorous studies are required to assess
apps in other important dimensions of brain disease management, such as cognition,
education, and quality of life. Finally, the design and co-creation of mobile apps with
diverse stakeholders, e.g., patients, family caregivers, and health professionals should
be considered, is necessary in order to identify useful features of mobile technologies,
develop mobile-based interventions which meet users” actual needs and requirements, and
to eventually produce more effective technology interventions, even for those with low
technology literacy [68-72]. In this framework, the wide-open view of the present review,
which included different diseases involving people who might have similar disabilities and
needs in daily life, could enhance the possibility of capitalizing on the lessons learned via
the use of an interdisciplinary approach.

This review should be interpreted within the context of its limitations. The authors
used a limited set of terms for the search of the literature. These were related to mobile
apps and the targeted diseases. This might have resulted in the omission of other relevant
studies. Articles were searched for in a limited number of databases (i.e., PubMed and
Scopus). Only English language studies were included, and so a worldwide perspective
may not be represented accurately. No hand search was conducted on any studies reported
in other reviews or on the included studies. A meta-analysis was not possible because of
the heterogeneity of the included studies. The generalizability of the findings is restricted
by the fact that only a small number of studies was found to be eligible for inclusion in
this review.

5. Conclusions

This review showed that mobile app interventions can be promising for the daily
monitoring, interdisciplinary therapeutic management and rehabilitation of patients with
PD, MS, and stroke, and improve outcomes concerning patient’s physical activity, motor
ability, cognition, quality of life and education. Concerning future work, the review
highlights the need to conduct of rigorous studies to identify the clinical effectiveness of
mobile apps in comparison with standard care.

Author Contributions: Conceptualization, A.T.; methodology, A.T., S.S. and S.Z.; writing—original
draft preparation, S.Z.; writing—review and editing, all authors; supervision, A.T.; project admin-
istration, K.V. and P.T.; funding acquisition, K.V. and D.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This study has received funding from the European Union’s Horizon 2020 research and
innovation program under grant agreement No 101017558 (ALAMEDA).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Sensors 2023, 23, 3396 14 of 16

References

1.  Marras, C.; Beck, J.C.; Bower, ].LH.; Roberts, E.; Ritz, B.; Ross, G.W.; Abbott, R.D.; Savica, R.; Van Den Eeden, S.K.; Willis, A.W.; et al.
Prevalence of Parkinson’s Disease across North America. NP] Park. Dis. 2018, 4, 21. [CrossRef] [PubMed]

2. Gilmour, H.; Ramage-Morin, P.L.; Wong, S.L. Multiple Sclerosis: Prevalence and Impact. Health Rep. 2018, 29, 3-8. [PubMed]

3. The GBD 2016 Lifetime Risk of Stroke Collaborators; Feigin, V.L.; Nguyen, G.; Cercy, K,; Johnson, C.O.; Alam, T.; Parmar, P.G.;
Abajobir, A.A.; Abate, K.H.; Abd-Allah, E; et al. Global, Regional, and Country-Specific Lifetime Risks of Stroke, 1990 and 2016.
N. Engl. ]. Med. 2018, 379, 2429-2437. [CrossRef] [PubMed]

4.  Ou, Z;Pan,],; Tang, S.; Duan, D.; Yu, D.; Nong, H.; Wang, Z. Global Trends in the Incidence, Prevalence, and years Lived With
Disability of Parkinson’s Disease in 204 Countries/ Territories From 1990 to 2019. Front. Public Health 2021, 9, 1994. [CrossRef]
[PubMed]

5. Thayabaranathan, T.; Kim, J.; Cadilhac, D.A.; Thrift, A.G.; Donnan, G.A.; Howard, G.; Howard, V.J.; Rothwell, PM.; Feigin, V,;
Norrving, B.; et al. Global Stroke Statistics 2022. Int. . Stroke 2022, 17, 946-956. [CrossRef]

6.  Stenager, E. A Global Perspective on the Burden of Multiple Sclerosis. Lancet Neurol. 2019, 18, 227-228. [CrossRef]

7. Armstrong, M.].; Okun, M.S. Diagnosis and Treatment of Parkinson Disease: A Review. JAMA—]. Am. Med. Assoc. 2020, 323,
548-560. [CrossRef]

8.  McGinley, M.P,; Goldschmidt, C.H.; Rae-Grant, A.D. Diagnosis and Treatment of Multiple Sclerosis: A Review. JAMA—]. Am.
Med. Assoc. 2021, 325, 765-779. [CrossRef]

9.  Feigin, V.L.; Brainin, M.; Norrving, B.; Martins, S.; Sacco, R.L.; Hacke, W.; Fisher, M.; Pandian, J.; Lindsay, P. World Stroke
Organization (WSO): Global Stroke Fact Sheet 2022. Int. . Stroke 2022, 17, 18-29. [CrossRef]

10.  Gorelick, P.B. The Global Burden of Stroke: Persistent and Disabling. Lancet Neurol. 2019, 18, 417—418. [CrossRef]

11.  Zhao, N.; Yang, Y.; Zhang, L.; Zhang, Q.; Balbuena, L.; Ungvari, G.S.; Zang, Y.; Xiang, Y. Quality of Life in Parkinson’s Disease:
A Systematic Review and Meta-analysis of Comparative Studies. CNS Neurosci. Ther. 2021, 27, 270-279. [CrossRef] [PubMed]

12. Wills, O.C.; Probst, Y.C. Understanding Lifestyle Self-Management Regimens That Improve the Life Quality of People Living
with Multiple Sclerosis: A Systematic Review and Meta-Analysis. Health Qual. Life Outcomes 2022, 20, 153. [CrossRef] [PubMed]

13. Gonzalez-Santos, J.; Rodriguez-Fernandez, P.; Pardo-Hernandez, R.; Gonzalez-Bernal, J.J.; Fernandez-Solana, J.; Santamaria-
Peldez, M. A Cross-Sectional Study: Determining Factors of Functional Independence and Quality of Life of Patients One Month
after Having Suffered a Stroke. Int. J. Environ. Res. Public Health 2023, 20, 995. [CrossRef] [PubMed]

14. Kim, Y,; Lai, B.; Mehta, T.; Thirumalai, M.; Padalabalanarayanan, S.; Rimmer, ].H.; Motl, R W. Exercise Training Guidelines for
Multiple Sclerosis, Stroke, and Parkinson Disease: Rapid Review and Synthesis. Am. J. Phys. Med. Rehabil. 2019, 98, 613-621.
[CrossRef]

15. Elbers, R.G.; Rietberg, M.B.; Van Wegen, E.E.H.; Verhoef, J.; Kramer, S.F.; Terwee, C.B.; Kwakkel, G. Self-Report Fatigue
Questionnaires in Multiple Sclerosis, Parkinson’s Disease and Stroke: A Systematic Review of Measurement Properties. Qual. Life
Res. 2012, 21, 925-944. [CrossRef]

16. Castellano-Aguilera, A.; Bivia-Roig, G.; Cuenca-Martinez, F.; Suso-Marti, L.; Calatayud, J.; Blanco-Diaz, M.; Casafia, J. Effective-
ness of Virtual Reality on Balance and Risk of Falls in People with Multiple Sclerosis: A Systematic Review and Meta-Analysis.
Int. ]. Environ. Res. Public Health 2022, 19, 14192. [CrossRef]

17.  Spanakis, M.; Xylouri, I; Patelarou, E.; Patelarou, A. A Literature Review of High-Tech Physiotherapy Interventions in the Elderly
with Neurological Disorders. Int. |. Environ. Res. Public Health 2022, 19, 9233. [CrossRef]

18. da Fonseca, M.H.; Kovaleski, F,; Picinin, C.T.; Pedroso, B.; Rubbo, P. E-Health Practices and Technologies: A Systematic Review
from 2014 to 2019. Healthcare 2021, 9, 1192. [CrossRef]

19. Zasadzka, E.; Trzmiel, T.; Pieczyniska, A.; Hojan, K. Modern Technologies in the Rehabilitation of Patients with Multiple Sclerosis
and Their Potential Application in Times of COVID-19. Medicina 2021, 57, 549. [CrossRef]

20. Deb, R.; An, S.; Bhat, G.; Shill, H.; Ogras, U.Y. A Systematic Survey of Research Trends in Technology Usage for Parkinson’s
Disease. Sensors 2022, 22, 5491. [CrossRef]

21. Linares-del Rey, M.; Vela-Desojo, L.; Cano-de la Cuerda, R. Mobile Phone Applications in Parkinson’s Disease: A Systematic
Review. Neurologia 2019, 34, 38-54. [CrossRef] [PubMed]

22. Salimzadeh, Z.; Damanabi, S.; Kalankesh, L.R.; Ferdousi, R. Mobile Applications for Multiple Sclerosis: A Focus on Self-
Management. Acta Inform. Med. 2019, 27, 12-18. [CrossRef] [PubMed]

23. Salgueiro, C.; Urrutia, G.; Cabanas-Valdés, R. Available Apps for Stroke Telerehabilitation during Corona Virus Disease 2019
Confinement in Spain. Disabil. Rehabil. Assist. Technol. 2021, 1-11. [CrossRef] [PubMed]

24. Adlakha, S.; Chhabra, D.; Shukla, P. Effectiveness of Gamification for the Rehabilitation of Neurodegenerative Disorders. Chaos
Solitons Fractals 2020, 140, 110192. [CrossRef]

25. Tautan, A.M.; Ionescu, B.; Santarnecchi, E. Artificial Intelligence in Neurodegenerative Diseases: A Review of Available Tools
with a Focus on Machine Learning Techniques. Artif. Intell. Med. 2021, 117, 102081. [CrossRef]

26. Triantafyllidis, A.K.; Velardo, C.; Salvi, D.; Shah, S.A.; Koutkias, V.G.; Tarassenko, L. A Survey of Mobile Phone Sensing,
Self-Reporting and Social Sharing for Pervasive Healthcare. IEEE ]. Biomed. Health Inform. 2017, 21, 218-227. [CrossRef]

27. Langer, A.; Gassner, L.; Flotz, A.; Hasenauer, S.; Gruber, J.; Wizany, L.; Pokan, R.; Maetzler, W.; Zach, H. How COVID-19 Will

Boost Remote Exercise-Based Treatment in Parkinson’s Disease: A Narrative Review. NPJ Park. Dis. 2021, 7, 1-9. [CrossRef]


http://doi.org/10.1038/s41531-018-0058-0
http://www.ncbi.nlm.nih.gov/pubmed/30003140
http://www.ncbi.nlm.nih.gov/pubmed/30485384
http://doi.org/10.1056/nejmoa1804492
http://www.ncbi.nlm.nih.gov/pubmed/30575491
http://doi.org/10.3389/fpubh.2021.776847
http://www.ncbi.nlm.nih.gov/pubmed/34950630
http://doi.org/10.1177/17474930221123175
http://doi.org/10.1016/S1474-4422(18)30498-8
http://doi.org/10.1001/jama.2019.22360
http://doi.org/10.1001/jama.2020.26858
http://doi.org/10.1177/17474930211065917
http://doi.org/10.1016/S1474-4422(19)30030-4
http://doi.org/10.1111/cns.13549
http://www.ncbi.nlm.nih.gov/pubmed/33372386
http://doi.org/10.1186/s12955-022-02046-1
http://www.ncbi.nlm.nih.gov/pubmed/36434609
http://doi.org/10.3390/ijerph20020995
http://www.ncbi.nlm.nih.gov/pubmed/36673749
http://doi.org/10.1097/PHM.0000000000001174
http://doi.org/10.1007/s11136-011-0009-2
http://doi.org/10.3390/ijerph192114192
http://doi.org/10.3390/ijerph19159233
http://doi.org/10.3390/healthcare9091192
http://doi.org/10.3390/medicina57060549
http://doi.org/10.3390/s22155491
http://doi.org/10.1016/j.nrl.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28549757
http://doi.org/10.5455/aim.2019.27.12-18
http://www.ncbi.nlm.nih.gov/pubmed/31213737
http://doi.org/10.1080/17483107.2021.1883751
http://www.ncbi.nlm.nih.gov/pubmed/33576299
http://doi.org/10.1016/j.chaos.2020.110192
http://doi.org/10.1016/j.artmed.2021.102081
http://doi.org/10.1109/JBHI.2015.2483902
http://doi.org/10.1038/s41531-021-00160-3

Sensors 2023, 23, 3396 15 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Chikersal, P.; Venkatesh, S.; Masown, K.; Walker, E.; Quraishi, D.; Dey, A.; Goel, M.; Xia, Z. Predicting Multiple Sclerosis Outcomes
During the COVID-19 Stay-at-Home Period: Observational Study Using Passively Sensed Behaviors and Digital Phenotyping.
JMIR Ment. Health 2022, 9, €38495. [CrossRef]

Kondylakis, H.; Katehakis, D.G.; Kouroubali, A.; Logothetidis, F.; Triantafyllidis, A.; Kalamaras, I.; Votis, K.; Tzovaras, D.
COVID-19 Mobile Apps: A Systematic Review of the Literature. . Med. Internet Res. 2020, 22, €23170. [CrossRef]

Armijo-Olivo, S; Stiles, C.R.; Hagen, N.A.; Biondo, P.D.; Cummings, G.G. Assessment of Study Quality for Systematic Reviews:
A Comparison of the Cochrane Collaboration Risk of Bias Tool and the Effective Public Health Practice Project Quality Assessment
Tool: Methodological Research. J. Eval. Clin. Pract. 2012, 18, 12-18. [CrossRef]

Moher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The
PRISMA Statement. Ann. Intern. Med. 2009, 151, 264. [CrossRef] [PubMed]

Ellis, T.D.; Cavanaugh, ].T.; DeAngelis, T.; Hendron, K.; Thomas, C.A.; Saint-Hilaire, M.; Pencina, K.; Latham, N.K. Comparative
Effectiveness of MHealth-Supported Exercise Compared With Exercise Alone for People With Parkinson Disease: Randomized
Controlled Pilot Study. Phys. Ther. 2019, 99, 203-216. [CrossRef] [PubMed]

Ginis, P.; Nieuwboer, A.; Dorfman, M.; Ferrari, A.; Gazit, E.; Canning, C.G.; Rocchi, L.; Chiari, L.; Hausdorff, ] M.; Mirelman, A.
Feasibility and Effects of Home-Based Smartphone-Delivered Automated Feedback Training for Gait in People with Parkinson’s
Disease: A Pilot Randomized Controlled Trial. Park. Relat. Disord. 2016, 22, 28-34. [CrossRef]

Landers, M.R; Ellis, T.D. A Mobile App Specifically Designed to Facilitate Exercise in Parkinson Disease: Single-Cohort Pilot
Study on Feasibility, Safety, and Signal of Efficacy. JMIR mHealth uHealth 2020, 8, €18985. [CrossRef] [PubMed]

Golan, D.; Sagiv, S.; Glass-Marmor, L.; Miller, A. Mobile Phone-Based e-Diary for Assessment and Enhancement of Medications
Adherence among Patients with Multiple Sclerosis. Mult. Scler. —Exp. Transl. Clin. 2020, 6, 2055217320939309. [CrossRef]
Nasseri, N.N.; Ghezelbash, E.; Zhai, Y.; Patra, S.; Riemann-Lorenz, K.; Heesen, C.; Rahn, A.C.; Stellmann, J.-P. Feasibility of a
Smartphone App to Enhance Physical Activity in Progressive MS: A Pilot Randomized Controlled Pilot Trial over Three Months.
Peer] 2020, 8, €9303. [CrossRef]

Pedulla, L.; Brichetto, G.; Tacchino, A.; Vassallo, C.; Zaratin, P.; Battaglia, M.A.; Bonzano, L.; Bove, M. Adaptive vs. Non-Adaptive
Cognitive Training by Means of a Personalized App: A Randomized Trial in People with Multiple Sclerosis. ]. Neuroeng. Rehabil.
2016, 13, 88. [CrossRef]

Van Geel, F.; Geurts, E.; Abasiyanik, Z.; Coninx, K.; Feys, P. Feasibility Study of a 10-Week Community-Based Program Using the
WalkWithMe Application on Physical Activity, Walking, Fatigue and Cognition in Persons with Multiple Sclerosis. Mult. Scler.
Relat. Disord. 2020, 42, 102067. [CrossRef]

Burgos, PI; Lara, O.; Lavado, A.; Rojas-Sepulveda, I.; Delgado, C.; Bravo, E.; Kamisato, C.; Torres, ].; Castafieda, V.; Cerda, M.
Exergames and Telerehabilitation on Smartphones to Improve Balance in Stroke Patients. Brain Sci. 2020, 10, 773. [CrossRef]
Chae, S.H.; Kim, Y;; Lee, K.-S; Park, H.-S. Development and Clinical Evaluation of a Web-Based Upper Limb Home Rehabilitation
System Using a Smartwatch and Machine Learning Model for Chronic Stroke Survivors: Prospective Comparative Study. JMIR
mHealth uHealth 2020, 8, e17216. [CrossRef]

Choi, Y.-H.; Ku, J.; Lim, H.; Kim, Y.H.; Paik, N.-]. Mobile Game-Based Virtual Reality Rehabilitation Program for Upper Limb
Dysfunction after Ischemic Stroke. Restor. Neurol. Neurosci. 2016, 34, 455-463. [CrossRef]

Chung, B.PH.; Chiang, WK.H.; Lau, H.; Lau, TEO,; Lai, CWK,; Sit, C.S.Y,; Chan, K.Y,; Yeung, C.Y.; Lo, TM.; Hui, E,; et al.
Pilot study on comparisons between the effectiveness of mobile video-guided and paper-based home exercise programs on
improving exercise adherence, self-efficacy for exercise and functional outcomes of patients with stroke with 3-month follow-up:
A single-blind randomized controlled trial. Hong Kong Physiother. J. 2020, 40, 63-73. [CrossRef] [PubMed]

Grau-Pellicer, M.; Lalanza, ].E; Jovell-Fernandez, E.; Capdevila, L. Impact of MHealth Technology on Adherence to Healthy PA
after Stroke: A Randomized Study. Top. Stroke Rehabil. 2020, 27, 354-368. [CrossRef]

Ifejika, N.L.; Bhadane, M.; Cai, C.C.; Noser, E.A.; Grotta, J.C.; Savitz, S.I. Use of a Smartphone-Based Mobile App for Weight
Management in Obese Minority Stroke Survivors: Pilot Randomized Controlled Trial with Open Blinded End Point. JMIR mHealth
uHealth 2020, 8, €17816. [CrossRef] [PubMed]

Kang, Y.-N.; Shen, H.-N.; Lin, C.-Y,; Elwyn, G.; Huang, S.-C.; Wu, T.-F; Hou, W.-H. Does a Mobile App Improve Patients’
Knowledge of Stroke Risk Factors and Health-Related Quality of Life in Patients with Stroke? A Randomized Controlled Trial.
BMC Med. Inform. Decis. Mak. 2019, 19, 282-289. [CrossRef]

Langan, ].; Bhattacharjya, S.; Subryan, H.; Xu, W.; Chen, B; Li, Z.; Cavuoto, L. In-Home Rehabilitation Using a Smartphone App
Coupled With 3D Printed Functional Objects: Single-Subject Design Study. JMIR mHealth uHealth 2020, 8, €19582. [CrossRef]
Paul, L.; Wyke, S.; Brewster, S.; Sattar, N.; Gill, ].M.R.; Alexander, G.; Rafferty, D.; McFadyen, A.K.; Ramsay, A.; Dybus, A.
Increasing Physical Activity in Stroke Survivors Using STARFISH, an Interactive Mobile Phone Application: A Pilot Study. Top.
Stroke Rehabil. 2016, 23, 170-177. [CrossRef]

Requena, M.; Montiel, E.; Baladas, M.; Muchada, M.; Boned, S.; Lopez, R.; Rodriguez-Villatoro, N.; Juega, J.; Garcia-Tornel, A;
Rodriguez-Luna, D.; et al. Farmalarm: Application for Mobile Devices Improves Risk Factor Control after Stroke. Stroke 2019, 50,
1819-1824. [CrossRef] [PubMed]

Sarfo, ES.; Adusei, N.; Ampofo, M.; Kpeme, EX.; Ovbiagele, B. Pilot Trial of a Tele-Rehab Intervention to Improve Outcomes after
Stroke in Ghana: A Feasibility and User Satisfaction Study. J. Neurol. Sci. 2018, 387, 94-97. [CrossRef] [PubMed]


http://doi.org/10.2196/38495
http://doi.org/10.2196/23170
http://doi.org/10.1111/j.1365-2753.2010.01516.x
http://doi.org/10.7326/0003-4819-151-4-200908180-00135
http://www.ncbi.nlm.nih.gov/pubmed/19622511
http://doi.org/10.1093/ptj/pzy131
http://www.ncbi.nlm.nih.gov/pubmed/30715489
http://doi.org/10.1016/j.parkreldis.2015.11.004
http://doi.org/10.2196/18985
http://www.ncbi.nlm.nih.gov/pubmed/33016887
http://doi.org/10.1177/2055217320939309
http://doi.org/10.7717/peerj.9303
http://doi.org/10.1186/s12984-016-0193-y
http://doi.org/10.1016/j.msard.2020.102067
http://doi.org/10.3390/brainsci10110773
http://doi.org/10.2196/17216
http://doi.org/10.3233/RNN-150626
http://doi.org/10.1142/S1013702520500079
http://www.ncbi.nlm.nih.gov/pubmed/32489241
http://doi.org/10.1080/10749357.2019.1691816
http://doi.org/10.2196/17816
http://www.ncbi.nlm.nih.gov/pubmed/32319963
http://doi.org/10.1186/s12911-019-1000-z
http://doi.org/10.2196/19582
http://doi.org/10.1080/10749357.2015.1122266
http://doi.org/10.1161/STROKEAHA.118.024355
http://www.ncbi.nlm.nih.gov/pubmed/31167621
http://doi.org/10.1016/j.jns.2018.01.039
http://www.ncbi.nlm.nih.gov/pubmed/29571880

Sensors 2023, 23, 3396 16 of 16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sawant, N.; Bose, M.; Parab, S. Dexteria App. Therapy versus Conventional Hand Therapy in Stroke. J. Enabling Technol. 2020, 14,
221-231. [CrossRef]

Verna, V.; De Bartolo, D.; Iosa, M.; Fadda, L.; Pinto, G.; Caltagirone, C.; De Angelis, S.; Tramontano, M. Te. M.P.O., an App for Using
Temporal Musical Mismatch in Post-Stroke Neurorehabilitation: A Preliminary Randomized Controlled Study. NeuroRehabilitation
2020, 47, 201-208. [CrossRef] [PubMed]

Xu, J.; Qian, X.; Yuan, M.; Wang, C. Effects of Mobile Phone App-Based Continuing Nursing Care on Self-Efficacy, Quality of Life,
and Motor Function of Stroke Patients in the Community. Acta Neurol. Belg. 2021, 123, 107-114. [CrossRef]

Avan, A.; Hachinski, V. Stroke and Dementia, Leading Causes of Neurological Disability and Death, Potential for Prevention.
Alzheimer’s Dement. 2021, 17, 1072-1076. [CrossRef] [PubMed]

Feigin, V.L.; Nichols, E.; Alam, T.; Bannick, M.S.; Beghi, E.; Blake, N.; Culpepper, W].; Dorsey, E.R.; Elbaz, A.; Ellenbogen, R.G.; et al.
Global, Regional, and National Burden of Neurological Disorders, 1990-2016: A Systematic Analysis for the Global Burden of
Disease Study 2016. Lancet Neurol. 2019, 18, 459-480. [CrossRef]

Brooks, S.K.; Weston, D.; Greenberg, N. Social and Psychological Impact of the COVID-19 Pandemic on People with Parkinson’s
Disease: A Scoping Review. Public Health 2021, 199, 77-86. [CrossRef] [PubMed]

Freiman, J.A.; Chalmers, T.C.; Smith, H.A.; Kuebler, R.R. The Importance of Beta, the Type II Error, and Sample Size in the Design
and Interpretation of the Randomized Controlled Trial. In Medical Uses of Statistics; CRC Press: Boca Raton, FL, USA, 2019;
pp- 357-389.

Toerien, M.; Brookes, S.T.; Metcalfe, C.; de Salis, I.; Tomlin, Z.; Peters, T.J.; Sterne, J.; Donovan, J.L. A Review of Reporting of
Participant Recruitment and Retention in RCTs in Six Major Journals. Trials 2009, 10, 52. [CrossRef]

Crotty, G.F,; Schwarzschild, M. A. Chasing Protection in Parkinson’s Disease: Does Exercise Reduce Risk and Progression? Front.
Aging Neurosci. 2020, 12, 186. [CrossRef]

Timmers, T.; Janssen, L.; Kool, R.B.; Kremer, ].A.M. Educating Patients by Providing Timely Information Using Smartphone and
Tablet Apps: Systematic Review. J. Med. Internet Res. 2020, 22, e17342. [CrossRef]

Payne, H.E,; Lister, C.; West, ].H.; Bernhardt, ]. M. Behavioral Functionality of Mobile Apps in Health Interventions: A Systematic
Review of the Literature. JMIR mHealth uHealth 2015, 3, €3335. [CrossRef]

Omberg, L.; Chaibub Neto, E.; Perumal, TM.; Pratap, A.; Tediarjo, A.; Adams, J.; Bloem, B.R.; Bot, B.M.; Elson, M,;
Goldman, S.M.; et al. Remote Smartphone Monitoring of Parkinson’s Disease and Individual Response to Therapy. Nat.
Biotechnol. 2022, 40, 480-487. [CrossRef]

Frohlich, H.; Bontridder, N.; Petrovska-Delacréta, D.; Glaab, E.; Kluge, F,; El Yacoubi, M.; Marin Valero, M.; Corvol, J.-C,;
Eskofier, B.; Van Gyseghem, ].-M.; et al. Leveraging the Potential of Digital Technology for Better Individualized Treatment of
Parkinson’s Disease. Front. Neurol. 2022, 13, 788427. [CrossRef] [PubMed]

Triantafyllidis, A.; Kondylakis, H.; Votis, K.; Tzovaras, D.; Maglaveras, N.; Rahimi, K. Features, Outcomes, and Challenges in
Mobile Health Interventions for Patients Living with Chronic Diseases: A Review of Systematic Reviews. Int. ]. Med. Inform. 2019,
132, 103984. [CrossRef] [PubMed]

Zhao, ].; Freeman, B.; Li, M. Can Mobile Phone Apps Influence People’s Health Behavior Change? An Evidence Review. J. Med.
Internet Res. 2016, 18, €5692. [CrossRef]

Nussbaum, R.; Kelly, C.; Quinby, E.; Mac, A.; Parmanto, B.; Dicianno, B.E. Systematic Review of Mobile Health Applications in
Rehabilitation. Arch. Phys. Med. Rehabil. 2019, 100, 115-127. [CrossRef]

Szeto, S.G.; Wan, H.; Alavinia, M.; Dukelow, S.; MacNeill, H. Effect of Mobile Application Types on Stroke Rehabilitation:
A Systematic Review. . Neuroeng. Rehabil. 2023, 20, 12. [CrossRef]

Kao, C.K; Liebovitz, D.M. Consumer Mobile Health Apps: Current State, Barriers, and Future Directions. PM&R 2017, 9,
5106-S115.

Noorbergen, T.].; Adam, M.T.P; Teubner, T.; Collins, C.E. Using Co-Design in Mobile Health System Development: A Qualitative
Study with Experts in Co-Design and Mobile Health System Development. JMIR mHealth uHealth 2021, 9, €27896. [CrossRef]
Harrington, C.N.; Wilcox, L.; Connelly, K.; Rogers, W.; Sanford, J. Designing Health and Fitness Apps with Older Adults:
Examining the Value of Experience-Based Co-Design. In Proceedings of the 12th EAI International Conference on Pervasive
Computing Technologies for Healthcare, New York, NY, USA, 21-24 May 2018; pp. 15-24.

Sanz, M.E; Acha, B.V.; Garcia, M.F. Co-Design for People-Centred Care Digital Solutions: A Literature Review. Int. |. Integr. Care
2021, 21, 16. [CrossRef]

Scholz, M.; Haase, R.; Schriefer, D.; Voigt, I.; Ziemssen, T. Electronic Health Interventions in the Case of Multiple Sclerosis: From
Theory to Practice. Brain Sci. 2021, 11, 180. [CrossRef]

Wang, S.; Bolling, K.; Mao, W.; Reichstadyt, J.; Jeste, D.; Kim, H.-C.; Nebeker, C. Technology to Support Aging in Place: Older
Adults’ Perspectives. Healthcare 2019, 7, 60. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1108/JET-05-2020-0023
http://doi.org/10.3233/NRE-203126
http://www.ncbi.nlm.nih.gov/pubmed/32741789
http://doi.org/10.1007/s13760-021-01628-y
http://doi.org/10.1002/alz.12340
http://www.ncbi.nlm.nih.gov/pubmed/34057294
http://doi.org/10.1016/S1474-4422(18)30499-X
http://doi.org/10.1016/j.puhe.2021.08.014
http://www.ncbi.nlm.nih.gov/pubmed/34571441
http://doi.org/10.1186/1745-6215-10-52
http://doi.org/10.3389/fnagi.2020.00186
http://doi.org/10.2196/17342
http://doi.org/10.2196/mhealth.3335
http://doi.org/10.1038/s41587-021-00974-9
http://doi.org/10.3389/fneur.2022.788427
http://www.ncbi.nlm.nih.gov/pubmed/35295840
http://doi.org/10.1016/j.ijmedinf.2019.103984
http://www.ncbi.nlm.nih.gov/pubmed/31605884
http://doi.org/10.2196/jmir.5692
http://doi.org/10.1016/j.apmr.2018.07.439
http://doi.org/10.1186/s12984-023-01124-9
http://doi.org/10.2196/27896
http://doi.org/10.5334/ijic.5573
http://doi.org/10.3390/brainsci11020180
http://doi.org/10.3390/healthcare7020060

	Introduction 
	Materials and Methods 
	Eligibility Criteria 
	Study Selection 
	Study Quality Assessment and Synthesis 

	Results 
	Screening Results 
	Study Quality Assessment 
	Mobile app Characteristics 
	Study Characteristics 
	Study Outcomes 
	Mobile App Interventions for CNSDs 
	Parkinson’s Disease 
	Multiple Sclerosis 
	Stroke 


	Discussion 
	Conclusions 
	References

