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Abstract

Gait and dynamic balance are two main goals in neurorehabilitation that mHealth systems could address. To analyze the impact
of using mHealth systems on gait and dynamic balance outcomes in subjects with neurological disorders. Randomized controlled
trials (RCT) published in PubMed, Web of Science, Scopus, and PEDro databases were searched up to April 2023. Studies
including adults with neurological disorders, analyzing the effectiveness of mHealth systems on gait and dynamic balance com-
pared with conventional therapy and/or not intervention, were included. The PEDro scale and the Cochrane Collaboration’s 2.0
tool were used for the methodological quality and risk of bias assessment. The Review Manager 5.4 software was used to obtain
meta-analyses. 13 RCT were included in the systematic review and 11 in the meta-analyses, involving 528 subjects. A total of 21
mobile applications were identified for gait and balance training, and to enhance physical activity behaviors. There were signifi-
cant differences in gait parameters, speed by 0.10 s/m (95% confidence interval (CI)=0.07,0.13;p<0.001), cadence by 8.01 steps/
min (95%CI1=3.30,12.72;p<0.001), affected step length by 8.89 cm (95%CI=4.88,12.90;p<0.001), non-affected step length by
8.08 cm (5%CI=2.64,13.51;p=0.004), and in dynamic balance, Timed Up and Go by -7.15 s (95%CI=-9.30,-4.99;p<0.001), and
mobility subscale of Posture Assessment Scale for Stroke by 1.71 points (95%CI=1.38,2.04;p<0.001). Our findings suggested the
use of mHealth systems for improving gait in subjects with neurological disorders, but controversial results on dynamics balance
recovery were obtained. However, the quality of evidence is insufficient to strongly recommend them, so further research is needed.
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Introduction

Motor impairments represent a leading cause for the limitation
of functional activities and disability in subjects with neurolog-
ical disorders [1-4]. In particular, they require gait and balance
for community ambulation and autonomy, which are indirectly
related to participation, one domain in the International Classi-
fication of Functioning, Disability and Health (ICF) model [5,
6]. Moreover, a loss of postural control during gait increases
the likelihood of falls [7, 8]. Therefore, a key goal of neurore-
habilitation is to restore mobility through gait [9, 10].

In that way, mHealth, mobile device-based healthcare
[11], involves the practice of medicine and public health
based on mobile devices to improve and promote health sta-
tus [12]. It is considered a domain of telerehabilitation when
it applies to rehabilitation programs [13]. The interest in
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mHealth has particularly boomed because of the growth of
smartphone access and the use of mobile applications, com-
monly called “apps” [14]. In the neurorehabilitation field,
there are apps to monitor vital signs [15], detect neurological
symptomatology [16—18], track neurodegenerative diseases
[19-21], treat motor and cognitive impairments [22-25],
among others. In that sense, Dorsey et al. [26] reviewed the
global proliferation and current state of telerehabilitation
in neurological disorders. They highlighted the potential to
increase access to neurological care and education by teler-
ehabilitation. Likewise, Dobkin [27] suggested mHealth
enables therapists to remotely monitor adherence and to
obtain continuous outcomes measurements over time, allow-
ing the assessment of goal attainment in the daily routine.
Consequently, the use of these technologies facilitates the
self-management of the rehabilitation process and becomes
the subject more active, increasing participation. Because
of this background, mHealth could complement multimodal
programs in neurorehabilitation, making it more effective,
including different sensorial feedback, motor experiences,
and increasing the subject’s motivation [28].
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Concerning the current scientific literature, some reviews
are analyzing the potential use of apps in subjects with neu-
rological disorders [13, 29-31]. Nevertheless, authors mainly
analyzed commercial apps available in repositories, whose
scientific evidence was slightly based on randomized clinical
trials (RCT). To our knowledge, there is not a review and meta-
analysis examining the use of mHealth systems in neuroreha-
bilitation, specifically focused on their impact on gait and bal-
ance outcomes. Consequently, the main aim of this study was
to analyze the impact of the use of mHealth systems on gait
and dynamic balance outcomes in subjects with neurological
disorders, performing a systematic review and meta-analysis.

Methods
Search strategy

The Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines for systematic
reviews of randomized controlled trials [32] was followed
to report the present systematic review and meta-analysis
(Online resource 1). The search was performed up to April
2023 in the following databases: PubMed, Web of Science,
Scopus, and Physiotherapy Evidence Database (PEDro).
It was adapted for the rest of the databases from an initial
search of the PubMed database (Online resource 2). No
filters were used in terms of language or publication date.

Eligibility criteria

The inclusion criteria were defined according to the PICOS
framework [33] (Population, Intervention, Comparison, Out-
comes, Studies): i) RCT including adults (over 18 years old)
with neurological disorders, ii) comparing mHealth systems
(smartphones or tablets) with a control group, iii) mHealth sys-
tems used during gait and balance training, apps based on physi-
cal activity (PA) programs in real-world settings, and mobile
apps providing feedback to enhance self-patient management
and participation to rehabilitation programs, iv) Control group
was based on conventional therapy (physical and/or occupa-
tional therapies, such as specific gait and balance training, home-
based PA programs and active behavior recommendations) and/
or not intervention, v) gait and dynamic balance as outcomes.

The exclusion criteria were: i) Systems based on videocon-
ferencing platforms (e.g. Skype, Zoom, etc.), virtual reality
glasses, or websites, ii) Studies related to cost-effectiveness
and usability of mHealth systems.

Study selection

Two authors (M.M.L and J.A.M.M.) retrieved and screened
the studies by the titles and abstracts independently,
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removing duplicate articles and identifying potentially rele-
vant articles according to the pre-established criteria. Subse-
quently, full texts of the retrieved records were downloaded
and analyzed for final inclusion in the systematic review. An
additional reviewer (D.L.A.) was considered for consensus
when needed. Some information was extracted to detail the
studies characteristics: authors, year of publication, country,
characteristics of the participants (number of participants
in both groups, mean age, neurological disorder), and the
intervention characteristics (types, session length and fre-
quency, total duration, outcomes measured, measurement
instruments, and results). In addition, each mHealth system
employed as an intervention was identified, specifying its
purpose and main features.

Quality assessment

The PEDro scale [34] was used to evaluate the methodo-
logical quality of the studies. A study scored as 6 or more
is considered having good methodological quality (6-8:
good; 9-10: excellent) and scored as 5 or less is consid-
ered being of acceptable or poor quality (4-5: acceptable;
<4: poor) [35]. The Cochrane Risk of Bias (RoB) Col-
laboration’s 2.0 tool [36] was used for assessing the risk
of bias. This evaluation covers five domains of bias: (1)
bias arising from the randomization process, (2) bias due
to deviations from intended interventions, (3) bias due to
missing outcome data, (4) bias in measurement of the out-
come, and (5) bias in selection of the reported result. The
RoB of each domain was categorized as: “low risk”, “some
concerns”, and “high risk”. Also, an overall RoB assess-
ment of the RCT was performed according to the recom-
mendations in the guidance document. Those assessments
were performed by two authors (M.M.L and J.A.M.M.)
independently. When there was a difference in the scores
between the authors, the final decision was discussed with
a third author (D.L.A.).

Statistical analysis

Several meta-analyses were performed with The Review
Manager 5.4 software to summarize the comparisons of the
use of mHealth systems (experimental group) versus a con-
trol group. The studies were classified based on the measur-
ing instrument to assess gait or dynamic balance. The effect
measure was the mean difference (MD), reported along with
their 95% confidence intervals (CI). The instructions of the
Cochrane Handbook for Systematic Reviews of Interventions
for obtaining standard deviation from confidence intervals
and change-from-baseline standard deviation were employed
when needed. After checking for homogeneity with the chi-
square test and the I” statistic (0-40% might not be important;
30-60% may represent moderate heterogeneity; 50-90% may
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represent substantial heterogeneity; and 75-100% considerable
heterogeneity) [37], a fixed-effect model was used when no
heterogeneity was detected, and a random model was used
otherwise. The significance level was set at alpha=0.05, and
the results were presented in forest plots.

Results

A total of 594 articles were retrieved during the initial search
and 13 RCT were included in the systematic review and 11
in the meta-analysis (Fig. 1). The studies by Asano et al. [38]
and Hankinson et al. [39] were excluded because it did not
provide the necessary data for the meta-analysis. In that way,
528 subjects participated in the included studies.

Studies characteristics

The average age was 60.4, although three documents did
not provide information [39-41]. All studies included both
genders and the most common disease was stroke, studied
in eight articles [38, 42-47] (Table 1).

Regarding the mHealth systems, they can be classified
as those specifically focused on gait training, balance train-
ing or those based on home-based PA programs. First, gait
training was performed by four different apps: 1) ZyMiMet-
ronome App [47] and GotRhythm App [39], two metronome
apps that provided a rhythmic auditory stimulation during
gait training; ii) Virtual Active App [44], used for speed-
interactive treadmill training providing visual feedback
through filmed world-famous landscapes; and iii) Audio-
biofeedback (ABF)-gait and Freezing of Gait (FOG)-cue
Apps [41], part of the CuPiD system, provided biofeedback
by verbal instructions and visual information, respectively,
during gait recovery. Second, for balance training, a group of
apps called CSMi [45] was used, included in the SPVFTCT
(smartphone-based visual feedback trunk control train-
ing) system, designed for trunk control training. It allowed
real-time feedback through the monitoring of weight shifts
during the execution of the proposed goal task. Similarly,
the Compass Inclinometer App [42] was used for provid-
ing patients visual feedback while performing a home-
based sitting balance training program. Another mHealth
system used for balance training was the Farmalarm App
[43], which guided home-based core stability exercise (CSE)
through description, photo, and video of each exercise, and
recorded its performance. Finally, we found apps providing
exercise programs to enhance PA. They were not specifically
designed for training gait and balance, but the impact of
these apps on these outcomes was assessed. The apps used
were Wellpepper App [48], Fitlab Training App [46], Lose
it! [49], iPro Habit Tracker Apps [49], Memories App [49],
Pt Pal App [40], Patient Information App (PIA) [50], and

ad-hoc app [38]. They provided home-based PA programs
including videos and prescription information, allowing the
monitoring (behaviors, symptoms, or goal achievement),
the guidance of the PA performance (visual and/or audi-
tory), and the communication with their physical therapist.
More specifications about the mHealth systems employed
are shown in Table 2.

Regarding the control interventions, conventional phys-
ical and occupational therapies were included, such as spe-
cific gait and balance training, home-based PA programs,
and active behavior recommendations. None included
study compared the mHealth group with no intervention
or waitlist.

Concerning the measuring instruments, several motion
analysis systems were used (GAITRite platform [47], Opto-
Gait system [44], and ProtoKinetics platform [41]) for gait
spatiotemporal analysis. Furthermore, the 10-meter Walk
Test (1I0OMWT) [40, 46] was also used for the gait speed
analysis. For gait and dynamic balance analysis, the Timed
Up and Go (TUG) test [40, 45-47], the Four Squared Step
Test (FSST) [41, 47], the 6-minute Walk Test (6MWT) [40,
46, 48-50], the 2-minute Walk Test 2MWT) [41, 50], and
the mobility subscale of the Postural Assessment Scale for
Stroke (PASS) [42, 43] were used.

Quality assessment

The overall PEDro score was 6.23 (range 3-8), implying a
moderate quality of the articles included in this review. Ten
studies [38, 40-45, 48-50] obtained a good methodologi-
cal quality, two were acceptable [46, 47], and one was poor
[39] (Online resource 3). Concerning the assessment of the
RoB by domain, 7 studies had low RoB and the rest had
some concerns for the allocation domain. For the second
domain (bias due to deviations from intended interventions),
9 studies had low RoB while 4 studies had some concerns.
In case of third (missing outcome data) and fourth (measure-
ment of the outcomes) domains, 11 and 10 studies had low
RoB, respectively. For the last domain, in the selection of
the reported results, 11 studies had low RoB and only one
study had some concerns (Online resource 4). Regarding the
overall judgement, 5 studies had a low RoB, 5 studies had
some concerns, and 3 studies had a high RoB, as shown in
Online resource 4.

Results on gait and dynamic balance

The mean, standard deviation and sample sizes of the differ-
ent subgroups and measures, along with the MD (95%CI),
are shown in Figs. 2 and 3. No statistical heterogeneity was
observed in seven of the ten outcomes studied. However,
stride length and FSST presented moderate heterogeneity
(1’=49% and 1°=47%, respectively), while PASS (mobility)
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Fig. 1 Information flow diagram of the different phases of the systematic review.

presented substantial heterogeneity (I>=75%). We found
significant differences in temporal gait parameters, speed
(MD=0.10;95%CI1=0.07,0.13; p<0.001) (Fig. 2A) and
cadence (MD=8.01;95%CI1=3.30,12.72; p<0.001) (Fig. 2B).
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Regarding spatial gait parameters, the stride length results
were no significant (MD=0.08;95%CI=-0.00,0.16; p=0.06)
(Fig. 2C). Conversely, there were significant differences in
affected step length outcome (MD=8.89;95%CI1=4.88,12.90;



Page50f19 75

75

Journal of Medical Systems (2023) 47

JuawaAodwr Jueoyrusis
moys jou pip (dnoi3iayur
pue BNUI) SISA[RUR

yjoq ‘AnowrwiAs jres 03
SuIp1000V *(67°0=4)
dojs peyooye-uou pue
Pa13YE pue (zH0'0=d)
13ua] 9pLNS INOQe

a1om sdnoi jonuoo

PUR [I[BOHW U39M1q
soSueyo jueoyusis
‘1oA9MOH sdnoi3 yjoq ur
POAIASQO sem s1ojoweIed

Anaw
-wAs jres pue

syoam 9
:uoneInp [ejo]-

yoom

12d suorssas
¢ :Kouanbar-

SyoIM

9 :uoneInp [e10]-
Joom
12d suorssas

¢ :Kouanbarg-

dde uo
poseq (LLIS) Sur

¥6°690°CS
1D [onuo) [ D [oNuo)

J1e8 erodwajoneds ur s1ojowrered jres Kep 1od urw Kep 1ad LLIS -urel[, [[Iupeai], T9OVIFITSS  TI D PesHw ©AI0Y YINOS
JuaWAA0IdWI [[RISA0 Uy washs yrenoidg  [erodwajoneds- GE UOISSIS-  UIW GE :UOISSAS- [BUOTIUQATO)) aanoeIul-peads D PesHW ¥Z=N Nons [yl L10T “Te 10 99
‘sdnoi3
)0q UI POAIISQO Sem
pasearour Apueoyudis
€ ‘(LIyw) ouewioyrad SYoIM
unxn ur soSueyd Surpresay  :uoneInp 1810~
‘SYQoM-1 AY) 1aYJe yoom 1ad (1DD)
dnoi3 [onuod yim pared SUOISSAS G pue
-woo dnoid yyreoqw *SYOM (|resqu)
ur JoySry Apueoyrusis uorjeInp [ejo]- SUOISSAS ¢ Kdexoyy
a1m (Z(0=d) 21008 Yoom :Kouanbaig- uone[nwins GL'6ST6S
SIL pue (100°0>d) 159 10d SuoISSIs Kep 1ad [eOLNIJ[0 puR 10 [0Nu0)

DL ‘Sumis uo (g0'0>d) ‘SIL G :Kouonbarg- yeOHW Jjo urw ‘sorderoyy €Oyl T1:D[onuo) ©AI0Y YINOS
Qoueeq oruwreukp pue ONL {LIYW ‘wa) QouB[Rq O1RIS Kep 1od uru 0Z + 19D Jo Teuonednaoo 10D + dde ue FGLLS TI DWW [s¥]910T
ane)s Jo sjudwaoiduy -sAs aoue[eg poon pue orweukq- 08 :UOISSIG-  UIW () :UOISSIS- pue [ed1sAyd  Aq Sururen souereg D) I[eoyW YZ=N aong ‘3uog pue ulyg

*dnoi3
Tonuod ay) ym pared
-wod (100°0>4) 194
‘DAL 9[RS DGV 2y uo
$0I09S UT SjuaaA0IdwT SYoIM
jueoyuSis pamoys dnoi3 G :uoneInp [e10]-
YI[eaHW Ay ‘sisA[eue Yoam 1ad (1DD)
dnoi3-1oyur oyy £g SUOISSIS G pue
(S00>d) SYoM ¢ (presqu)
JueoyIuSIS 910M ISUQ| uoneInp [e1o]- SUOISSAS ¢
OpLIS pue 9duaped ‘paads NS [[ed- Yoom :Kouonbaig-
ur uonuaaaur jsod-axd Anqqers 12d suorssas Kep e
QouaIdYIp o ‘dnoid reamsod G :Kouonbarg- IM) [DD JO 10D + dde ue 4q L'EI8 TS
yesquw uf ‘sdnois yjoq Jreds DIV OVd pue doueeq- Kep e un (¢ + Kep uone[nwns £10) D [onuo)  §:H [onuo) ©2I0Y YINoS
ur pasoxdwir sowodno I0d ‘ONL LSS sieowered jres Q0IM) UTW 1od yirROHW Jo -1pne ST AyI uo TIECES  6:D PeoHw [L¥]
J1e8 rerodwajonedg ‘woIsks ARYLIVD  [erodwoejoneds- (€ [UOISSAG-  UIW ()¢ :U0IssaS-  Aderoy [eorsyq  poseq Sururen jren D) YIfeoyw 81 =N ayons 210C T8 10 wry|
dnoas) jonpuo) dnoin Pedgu  dnoas) jonuo) dnoun) yeoygu
(uoneInp [ejo] pue
SINHNNALSNI SHIANSVH ‘Kousnbaiy pue uoneInp UOISSAS) NOILLIANOD (Anunod pue ‘reak
SLINSHA ONRINSVIN HNODLNO TO0D0LOYd INFINLVAIL NOLLNHAYHALINI 4O HdAL SADV SdNOYH  TVOIDOTOANAN  ‘sioyny) XANLS

SOTISLIBJORIRYD SUONUAAISIUI pue sjuedonied | ajqel

pringer

a's



75

Journal of Medical Systems (2023) 47

75 Page6of 19

(60°0=4)
sdnoiS Aq owm jo joa0
UoNoRINUI JUBOYIUTIS ©

jou sem 21y) Inq ‘dnoid
I[BOHW dY) Aq PaAdIYIR
a1am (60'0>d) LSS o}
£q 9ouefeq orwreukp ut
syuawoAoidwr Jueoyrusis

Sy0IM
9 :uoneInp [BI0]-
Joom
19d suorssas
¢ :Kouanbarg-

(S0'0<d) DOA
WAY) USIM]IIQ SAOUIJ syoam 9 yim juedonred
-JIp JUROYIUSIS JOU dIIM :uonenp [e10]- 10§ A[uo Kep
a1ey) 1nq “(100°0>4) "LMINT ‘HSVd uon Yoom Jod (dde ono
sdnoi3 yjoq ur paaIesqo I-SHA 9SoLSHIUIN - -1puod TedrsAyd 12d suorssos -DO) uru
a1om porrad Sururen LSS Kem pue doueeg- ¢ :Kouanbary- 0¢ + Aep xad 81 D [onuo) [orIs] pue winiSjog
19)Je YISUQ[ 9pLIS pue S[em payudwinysur  siojowered jred Kep 1od urw (dde re3-39v) Sururen sdde 7T 1D Yreeqw [1¥] 910T
jres poads ur syuswaaoduwy sonounjojold  [erodwojoneds- (€ :UOISSAS-  UIW ()¢ :UOISSAS-  JIBT [RUONUSAUOD) Aq Sururen e aN or=N 9SBASI(] uosunyIed ‘Te 39 st
*sdnoig uoamiaq
QOUAIYIP OU SBM I3} syoamg|
IOAOMOH “dUI[dseq ‘uoneInp [e10]-
wolj (£€0'0=4) LMINT syoam g Yoam xad (1DD) (paysim
o) £q eoueInpuo 1es uoneInp [e10]- SUOISSas -] syuedronred Jr)
pue (920'0=d) LMINS Yoom pue (yieoHw) 190 + dde ue £q
oY) Aq painseawr paads 12d suorssas SUOISSas G papraoxd yoeqpady
J1e3 ur syuawosodwr Z-1 :Kouanbaug- :Kouanbarg-  serderdy) reuon -09pIA pue weid +'$9 1D [0NU0) €9 :D [0NU0) a1odedurg
pamoys sdnoi3 yjoq ‘uon QourINpUD Kep 1od Kep 1ad -ednooo pue -01d yd paseq 8'€9 19 :D YeoHW [8¢]
-uaAaIuI-1sod syeom 71 IV LMINT ‘LMINS  pue poads Jlen-  Inoy [ :UOISSIS-  INOY [ :UOISSIS- AderoyorsAyq -QWIOY PaqUISAI 1D PeoHW $71 =N aons 120T “T& 10 OuBsy
* SI9[[ej-UoU,, SB
SuLIOPISU0D “(S["EF65°6)
an[eA JJomno s 41 o)
MO[dq ST aNJeA SIY],
‘dno13 yyeoquw ut spuo
-093s 9t°¢ Aq Apueoyrusis
PaseaIddp dwn DN I, oY}
‘S[TeJ JO YSLI ) pue doue
-[eq orweukp o) SuIpI0ddY
dno13 yyeoqw
ur A[uo pasearour
(LMIN9) 2ouewiojrod S EEIY
J1ed 1AMy ‘(50°0>d) syoam § :uoneInp [elo]-
paads jres oy paroxdur 21 uon Yoom werSoxd
Apueoyrusis sdnoi3 ylog -eInp (0]~ 10d suorssas Vd paseq-owoH
(60"0>d) dnoi3 yireoHqw Aqers Yoom ¢ :Kouanborg- + sdde
ur Apuesyrusis [eonsne)s rexmsod 10d SuoISSas Suriojiuow Ay Aq sOWOINO €S 11€5°89
a1om Aep 1od own ‘ONL ‘LMIN9 pue doueeg- 7 :Kouanbaig- vd Arep + sarderoy) Ppae[aI-yIeaYy 1D [0NU0) L] :D [01U0) uredg
Sumis pue uone[nque CLAINOT own Ajrep douewriojrad Kep 1od vd jo Kep 1od vq jo [euonednodo pue s1orowered LS T1F96'79 +C:D YeoHw [9¥] 610C
Aunwwod ur saguey) AIejuapas pue yq 1183 pue yd- INOY [ :UOISSIS-  INOY | :UOISSIS- pue [eo1sKyg Vd SuLiojuo 10 YIROHW Iv=N aong  “[e 19 1I[[od-nein)
dnoao) jonpuo) dnoin Pedguw  dnoas) jonuo) dnous) yeoygw
(uoneInp [0} pue
SINHANNALSNI SHANSVHN ‘Kousnbaiy pue uoneInp UOISSAS) NOILLIANOD (Anunod pue ‘reak
SLINSHA ONRINSVIN HNODLNO TOD0LOYd INHINLVAIL NOLLNHAYHALINI 40 HdAL SADV SdNOYH  TVOIDOTOANAN  ‘siopny) XANLS

(ponunuoo) | sjqey

pringer

Qs



Page70of19 75

75

Journal of Medical Systems (2023) 47

J1 pasea1dop dnoid
[onuod ur

afym (S0°0>4) vd

ur Juowode3ud Iy
pasearour dnoi3
yeoqw ur syuedroned
‘s101ARYQq pue A1

SyooMm £
uoneInp [810]-

SyoIM

L ‘uoneInp [elo]-
s[reo auoyd
dn-moyoy ¢ +
yoom 1ad vq
JO SUOISSAS

s[Teo auoyq +

-ATOR Y Suipre3oy s[red suoyd G-¢ :Kouonbarg-  sqeoouoyq +  werSoid yq paseq
'(91°0=d) dnoi3 SIOIARYQq dn-mo[oy Juw SIOIABYQQ pu® -Iadeq :¢ dnoip
[01UOd pue YiesHw SINOdd Mmﬁ;.\m PUR S[9AJ] Vd- ¢ “%UEOSTDhl |®MN=ﬁE|%_Um uoneurLIoyur S[[ed 91 :¢D BoLLwy
udamIaq L MIA9 Ul ‘S|IND QOUBWLIOJ s[Teo auoyd vd Arep + yieay pue auoyq + werdoxd G1 :D [onuo) JO sAJvIS payun)
QOUAIQYIP JUBIYIUSIS WLIR UfW| {Spuejs -1od Sunyem se owp Jo Kep 1ad vd jo Vd uo uon vd paseq-dde pue 87°68°LS ST :D YPEIHW suorn [6¥] L10T
AJ[eonsne)s-uou sI 1oy J, TTeyo ury ‘I MIN9 pue [eorsAyd-  YISUQ[ Je[IWUIS  UIW ()¢ UOTSSAS- -BONpa JLIUAD) juowaSeuew-yjo§  (28v aviaay) 9p =N  -Ipuoo [edrSojomaN  ‘Surp[on) pue mofq
“(#9:0=d) LMINT
pue (¢p'0=d) LMIN9
joq ur Juedyrusis ou
a1om sdnoi3 ueamieq
QOUIRJJIP ) ‘[[om
sy “(A[oanoadsar ¢,z 0=d
pue 7z 0=d) 159) Aue 10
dn-mofoj 03 aurjeseq syoam 7| *SO9PIA
WOIJ SOOUAIIJIP JULOYIU syoMm 71 [uoneINp [eI0]- 1ope9] pue ‘saIm3y ‘s)xo)
-31s A[[eonsne)s jou wuonemp [ejo-  Juouod dde 0y ® UO paseq “Yoeqpagy A1anoe
QIom I3Y) ‘L MINT pue pauyap jou $59008 Ao Surs1oxe Surpnpour ‘dde ue CLFSTS
LAIAIQ UI SaInseawr e\ Wwop Qouewr a1om Aouonb :Kouanbaig- JO 51099 Aq (1dg9) uon 1D [0NU0) () :D [0NU0) Aueurron
Quwodno aa01duwrt -ue], pawr], MASTL -10312d pue -21J pue uon pauyap jou noqe uon -euwiojut Juoned $'8F9'61 81 D YeIHW [os]
sdnoi3 yioq andsog LAMINT ‘LMING  Q0UBINDUQ JIED-  -BIND UOISSOS-  UONEBIND UOISSAS-  -RULIOJUT [BIOUD) Paseq-e0udpIAY 1D PeoHW 8¢ =N SISOI9[ds O[NNI 00T “T& 10 11asseN
9ouBOYIUSIS
A[Teonsnels jou sem
sdnoi3 usom)aq 20uaIaf
-JIp oY1 Inq ‘Suruuiseq
oy woiy Aep 1od payyem SYoMm 7]
QOURISIP puR sajnuIw Jur uoneInp [e1o]- ‘SYooM 7T
-jrem Aqrep paaoxdur Yoom :uoneInp [e10]-
sdnoi3 yioq ‘ospy 12d suorssas Yoam
'sdnoI3 usomiaq SaJUIY ¢ :Kouonbarg- 13d suorssas
-JIp JueOYIUSIS JOU dIOM Suriojiuowr ¢ :Kouonbaig-
Q19 ‘JoAIMOH “LMIN9 vd Areq + ‘Suroyuow
oy 103 dnoid yeoHw ur ‘LMIN9 yoom/Aep ¢ vd Areq + Surio) 9'01F€ €9 BOLIDWY
PAAIASQO d1om SaSuRYD 901ASP 10} 10J SISTOIIXS Yoam/Aep ¢ 10§ -tuowr aA1ssed Surojiuowr 1D [0NU0) G7 D [onuo) JO sajeIg pajun)
[esturpd pue (zo'0=d) -IUOJAl AN1ANOY  9ouewIofIad J1ed QATIOB  SOSIDIOXD QAIOR + UONUIAIUI oarssed + weid G'8F8'+9 97 :D YIEoHW [8¥] 810T
S)[NSaI JUBOYIUTIS yaepdars pue [9A9] Vd- L-G ‘UOISSIS- L-G ‘UOISSIS- vd paseg-tedeg  -oid yq paseq-ddy 10 YIROHW IS=N 9SBAsI(] uosunyed “e 19 sig
dnoao) jonpuo) dnoin Pedguw  dnoas) jonuo) dnous) yeoygw
(uoneInp [0} pue
SINHANNALSNI SHANSVHN ‘Kousnbaiy pue uoneInp UOISSAS) NOILLIANOD (Anunod pue ‘reak
SLINSHA ONRINSVIN HNODLNO TOD0LOYd INHINLVAIL NOLLNHAYHALINI 40 HdAL SADV SdNOYH  TVOIDOTOANAN  ‘siopny) XANLS

(ponunuoo) | sjqey

pringer

a's



Journal of Medical Systems (2023) 47:75

75 Page8of 19

syoom

9 :uoneInp [B10]-
(Kepir pue
‘Kepsoupapy

‘KepuoA) yoom
13d suorssas

‘dn-mof[oy Q1008 OUAIYPY- ¢ :Kouonbaig-
yoom-¢ Je sdnois jonuod 107000y 010N uonouny pauyep Aderoy) 71 :D [onuo) eIRISNY
PUE UOIIUSAIRIUI )Oq UL Jo (VIAL) Juow J0j0W quII| jou Kouonbaiy JojoW-oISNW dde Sur 01 :D Yeoqw lec] 20T
panoxdwr 2109s quur raddn -$59sSY JOAQIA-[Sn]  Jomof pue 1add- pUEB SUOISSIS-  UTW-()Z UOISSIS- -urer) I0Jow-oIsnjA dN =N ayonsg I 10 uosunjuey
‘sdnoi3 Aypigesip jo
uoamiaq (§'0=d) DN.L [9A9] puE ‘0duE
pue (7'0=d) LMINOT -[eq drureukp uon
(S'0=4d) LMIN9 Ut s20ud ‘paads jres -el[Iqeyar ur uonejIqeyar
-IoIp JueoyrusIs jou ‘NI ‘ONL ‘QoueInpud yren-  Aejs syuoned ur Kejs sjuaned
QIoM Q1Y) ‘TOASMOH SLMINOT-LMING () Jo yiSuoy oy Jo Suay o
((10'0>d) saanseaw powojrad o) o3e uo spuadop uo spuadop
QWO09)NO [eUOTIOUN] [[E 3S1019X3 Jo suonnedar -sop Vd {UOTJUQAISIU] {UOTJUQAIOIU]- 91 O [o1nU0D)
10§ sagueyd JuedyIuSIS pue osn dde Kreyuoword pauyop pauyop 19D + weiSoxd 7T 2D YeoHw suon eI[RNSNY
parensuowap sdnois yrog Jo Kouanbaiyg -dns [e10]- 10U :UOISSAS 10U :UOISSAS- vd poseq-ddy aN 8¢ =N -Ipuod [e91S0[0INON [ov] 020T “Te 1R 1T
dnoas) jonpuo)  dnois) yYEIHW dnous) yeoygw
(uoneInp [0} pue
SINHANNALSNI SHANSVHN ‘Kousnbaiy pue uoneInp UOISSAS) NOILLIANOD (Anunod pue ‘reak
SLINSHA ONRINSVIN HNODLNO TOD0LOYd INHINLVAIL NOLLNHAYHALINI 40 HdAL SADV SdNOYH  TVOIDOTOANAN  ‘siopny) XANLS

(ponunuoo) | sjqey

pringer

Qs



Page90of19 75

75

Journal of Medical Systems (2023) 47

sdno13 uoamioq
paredwod usym paadIyor
jou pip Inq ‘sdnoi3d
[01UOD pUR YI[eIHW
y1oq 1oy sisA[eue dnoi3
-BIJUT UT POAIOSQO dIoM
9100s SUISBIOUL ) JO
QouedYIUIIS [BONISTILIS
‘sdd oy Surpresoy
‘sisA[eue
dnoi3ayur ur se0UAIRYIP
JuedyruSis A[eonsnels
PIAIISQO DIIM DI0JS
[810) SSVJ-S 10U U0No3s
QouB[eq SSVd-S °yp ut
1op1au ‘osTy “dnoid
[onuod oY) yum pared
-UWI0d UIYM J0OU Inq ‘Uon
-uaAaIdur 3sod-oxd dnoi3
[I[EOHW U PIAIISqO
QI9M UOT103s Ajfiqowt
SSVd-S U3 Ul saduaIa)
-J1p JuedyIuSIS ‘0dueRq
Surpue)s 9y 01 UonR[AI Uf
"UONUAA
-19ur-1s0d 90UdIIIP
jueoyIuSis Aj[eonsnels
paaaryoe dnoi3 yresqw
AJUO ‘3[BIS-UONBUIPIOOD
I0J ‘OS[Y "2I00S [e]0) pue
9[eIS-90UR[Rq Ul [0NUOD
03 Jor1adns pa1oos dnoi3d

syoam 71
:uoneIp [e10]-

Yoom 1ad skep
¢ :Kouanbaig-

syoam 7]
uoneInp [810]-

(Bur

-uren 91qoIoe
pue yse) ed
pue axmsod
Surpue)s pue
Sumis ‘uon

yI[eaqw oy} Inq ‘sdnoid ‘WAISAS oURIYPY- Yoom ‘way) -ezZI[Iqow
[10q Ul PIAIISQO d1oM I91OWOIA[AIIE Y[BM-D Qoue 1od sown ¢ Surwioyrad ur [euonouny pue
0°C SLI-S 2uy) £q 2ouereq ‘poraysiSar -[eq Surpues- :Kouonbarg-  juads owm pue aarssed ‘3ur 19D + dde uon ¥'6FES 9
Sumrs ur syuswaAoxdwr S[TeJ Jo Joquinu douereq Sumrs Qoej SOSIOIOX9 JO  -UOJaTs 9[osnu) -B)I[IQRYIR[Q) B 10 [onuo) [ D [onuo) uredg
JUBOYIUSIS ‘SaInseaut ‘9dd ‘SSVd-S pue dduRW -01-008} Inoy Joquinu dy) uo AderoyporsAyd uo paseq AN[Iqers SEVIFLTLS ST :D PeIHW [ev] TT0T
uonouny yuni) Surpredoy (LSIA-S ‘0°CSLL-S -10J19d yuni- -QUO :UOISSAS-  puadap :UOISSaS- [RUONUSAUOD) -3100 Paseq-aWoy 10 YIROHW 0E=N aons “Ie 19 ononges
dnoao) jonpuo) dnoin Pedguw  dnoas) jonuo) dnous) yeoygw
(uoneInp [0} pue

SINHAMILLSNI SHANSVAIN ‘Kouanbaiy pue uoneIp UOISSIS) NOLLIANOD (Anunos pue ‘reak
SLINSHA ONIINSVAN HNODLNO TOD0LOUd INFN.LVAIL NOLLNAAIAINI A0 AJAL SHOV SdNO¥YD  TVOIDOTOUNAN  ‘sioymy) XAANLS

(ponunuoo) | sjqey

pringer

a's



Journal of Medical Systems (2023) 47:75

75 Page100f19

1891, M[BAN TORIN-0T LMAOT 181 M[BAN INUIN-9 LM A9 ISOL, (A AINUIN-T LMAZ N[ 100 ST PAWLL, MASZL ‘0D 29 d) dWLY, 5[ “o[eds Jusuuwrredwy yuniy, §77 ‘AHoP[H oy 10§ o[edS§
KNAnoY [BI1sAYg FSVd ‘Keaing Afiqesiq pue A)NANOY [ed1SAU] STV ‘Aianoe [eo1sAyd vd ‘eiep ou N 1S9 Jorqpoao] Ae[oy POYIPOIN Ly ‘(WIOJ USIOYS) IS, W)SAS uoren[eAy aoue
-1ed 1521 SN ‘soamnurw uzpy ‘dnois o s, arenbg doyg mog 7§57 wen jo Suizedrn] N ‘QInsed]y dduspuadopu] [euonoun j7] ‘TeUONBUINUI-9[edS AoeouJd S[[ed [-SF ‘UOIRIYISSB[D)
uone[NqUIy [eUonoun DV, ‘Xopul e JSTweuA( /O ‘uonuaaiul dnois jonuo) o) ‘uonesrdde ddy oeqpasjoIq-oIpny ‘g ‘9[edS 20uapyuo)) dduefeq dYroadS-sonIAnoy ajpos Hgy

‘sjusuraInseaw I9yjo
Aue ur sdnoiS uoomioq
PAAIASqO SEM QOUIIYIP
JuedyusIs A[eonsnels oN
Jueoyrusis A[resturo
sem ouaroyIp dnois 1g
oy 1y uf *(810°0=d)
14 pue (010°0=d) sareds
-qns a1mjsod SurSueyd
SSVd 2y) uo 1oysiy

Apueoyrugis paiods syoam
dnois yireoqw oy Jey)  ‘uoneIp [810]- DD+
pamoys sisAreue dnoigiojuy SYooM Yoom 1od skep dde 1eyowourpour
s91-350d 16 19 uorneInp [ejo]- G :Kouanbai - Quoydjrews
pue ‘so[eds-qns pue A109s san yoom 1od skep wesSoxd wouy ndur yrim 08°01F8€°6S eIsauopuy
2101 SSVd “LSIA 11oy) 1A 1] A[Te - ¢ :Kouonbaig- Sururen ooue werSoxd uoney JSIp QoUERq B 10 [onuo) 91 D [0NUO) [ey]
paaoxdur Apuesyrusis douewiojrad sonurw -Teq Sumis an -1[1QBYaI WOy Surzimn 9s1919X9 60 TTF8E6S 91 :D YeoqW 220z ‘utoyding
sdnoi3 yjoq ur syuaneq ‘19 ‘LSII ‘SSVd  @ouefeq Sumis- (9 :UOISSAG-  -UTW-()¢ :UOISSIS- [BUOTUIAUO)) Paseq-owoH 10 YIReHW =N ajons  pue [nyesyeydiydy

dnoao) jonpuo) dnoin Pedguw  dnoas) jonuo) dnous) yeoygw

(uoneInp [e)0) pue
SINHAMILLSNI SHANSVAIN ‘Kouanbaiy pue uoneIp UOISSIS) NOLLIANOD (Anunos pue ‘reak
SLINSHA ONIINSVAN HNODLNO TOD0LOUd INFN.LVAIL NOLLNAAIAINI A0 AJAL SHOV SdNO¥YD  TVOIDOTOUNAN  ‘sioymy) XAANLS

(ponunuoo) | sjqey

pringer

Qs



Page110f19 75

Journal of Medical Systems (2023) 47:75

‘Y)[eay [eIudw pue JI[ Jo Afenb uo sygauaq Ay pue ‘s1o9)Jo as1oApe [enujod

JO YSLI 9y} ‘SUONONISUT J091I00 J10y) (9oue[eq ‘A)iqowr ‘yiSuans 9[osnur) SUTUIET) JO SULIO [BIOADS

jnoqe uoneuriojur 93] sopraoid 1] -os1019x [eo1sAyd yim dousradxa J1ay) Jurreys S1S0Jo[ds didnnu
ym sjuaned pue sjeuorssajoid yireay JuarayIp Jo sdipd soapiA syoys pue sweiSerp surejuod dde oy,

*SurSessow-1x9) BIA UOHEIIUNWIWOD urejurews o) Jsideroy) [eorsAyd oy pue sjoalqns oY) smojfe osfe
31 pue ‘sjeoS paquiosard o) Sunedwoos 10y s309(qns 95eIN0oud 03 suoneoynou [euoneAnow spuss dde oy,
“Apfeam (Aynoyyip jo
[9AQ] ‘@duaIaype ‘s[eos Sunjem pue sas1o1oxe paja[dwoo) sigjewrered A1anoe eorsAyd pue ured uo eyep
110da1 oste Aoy pue ‘dde oy ySnoayy weidoid Kjranoe [eorsAyd J1oy) ssoode ued s1oalqns oy, *(sIop1o
K1oypne pue ‘suonnedar ‘syes ‘adAy) suononnsur uondriosard 9s1o1oxa pue sodpIA ay) sepnjout dde ayJ,

'soposide DO pue Junjiem Suump Surend JuaSiour opraoid o3 (¢) pue {(saoeds passow
ysno1y) Sunem pue ‘uoneuriojur fensia 0} Surk[dor noyiim pue yIim suin) Suryew 9ysie jo a3y e
ur Supjrem) as1010xa aqridsaid 03 (7) 9sideraporsAyd oy Aq paisnipe ‘DO 10919p 03 (1) :smofe dde oy,

‘Sururen Jres oy SULINp YOBQPIYJ [BGIGA SAT}OQLI0D pue aAnIsod
yoq sopraoid dde oy, ‘SNIAT 2y1 01 $109uu0d pue douewiofrad J1es s 3o9lqns ay) 03 Jurpiodoe uorn
-eIQITeD 9Y) SMO[e I] "paads 1res pue ‘Anowrwiks ‘YISus] opIns ‘dousped ‘syodre) Sururer) anoj sey dde oy,

‘werdo1d 9s1010X9 9y} JO uonNoOXd Ay} Surmp syusned oy 0y ndur
oeqpa9y v Sureq ‘euoydirews ay) Jo 31 Jo 22139p oY) Sunedrpur s1ajewourfour 221y sAefdsip dde oy,

"oueW
-Joy1od JOj0W S 309[qns yoes Jo Surp109a1 Ay sopraoid os[e J] ‘[000301d Sy © IOAI[OP 0} QWOUOHIW
® y3noIy) }oeqpad) AI0)IpNe SW)-[eal PUE SIOSUIS SI[qeIedMm ssI[IIm ‘O1snw [euosiad sapnjour dde oy,

"aseq d[qelsun ue uo Sunirs 0} surdns Y} WOy ‘SaSI0IAXA Ay} Jo uonisod ay) JO INILFIP Ay}
UO Paseq sem SASIOIAXD ) Jo uononponul oy, pasodord sas1019xa ay) jo soueurrofrad oy spiodar dde
Q) ‘OSTV "SISIOIOXA ¢ JO T30} © JO 09pIa pue ‘ojoyd ‘uondrrosop ySnory weidord SO e sopms dde oy,

“MIIARI JIOY}INJ J0J PounIofiod S9SI0IOXS AU} PIOIAI-J[OS 0) SMO[[E OS[E )] "UOTINOIXD

SOSI0IOXA SULINP YOBQPIYJ OIPNE PUE [BNSIA JA1OALI00 sapiaoid dde ay) pue ‘paurtojred suonnador

JO IoquInu JY) JOJUOW PUEB PIOJDI SIOSUDS Y[, "SISIOIXD 9 YIIM JZLIBI[Iey 0 s)oafqns Surmojre
“9s1019%9 Yora wIojIad 01 suononnsur oyl yim sdifo oapra £q paquiosaid sasroraxa ay) sapraoid dde oy,

*(JgeIs yoreasar

AU} PIM SITessou-)x9) 93urYIXd pue ssar3old Joy) 99s ued s31oalqns) Joeqpad) [euondarrplq apraoxd

03 (¢) ‘sarreuuonsonb £q Surag-fom pue ‘ondney ‘AI0A00I “1I0J9 ‘SI)BIS POOW AINSLIW 0) (7) ‘paads
Sunjfem pue 0oue)SIp Junj[em Y} pue 0udIdYpe A)Ande [eo1sAyd p1oda1 0} (1) :pasn axom sdde om) oy,

‘paads 31e3 s 309[qns ay) 03 SuIpI0doe 09pPIA Y} Jo paads Ay sjonuod dde ayJ,
‘[Irupean-paads e uo Sunjem ore sjoof
-qns 9[IYM (SoNId pue ‘ska[[ea ‘surejunowr) sadeospue] snowej-plIom jo soSewr pawy sAerdsip dde oyJ,

*(uontsod [eNNaU Y} PUNOIL SUONEOO0] SULIIYIP JB ddouR[eq YY) AJe[nTaI

01 309[qns 9y} Jo AJI[Iqe 9y} SAINSEAW Jey) SwesS B SIJ1) QINUIAPY [BWIUY IASD YL (S) ‘(suonoaip

JURIQYIP WoIJ 1)U a1nssaxd oy a3ueyo 0y A)1fIqe s 1oalqns ay) aInseaw 03) PYIYS WSO TASD UL

(%) ‘(uontsod JySrom 1Jo1-1y311 pue Joeq-juoj s,10a[qns oY) moys sdde y10q) JYSTY-13oT Surreaq 1YSIOM

IINSD pue yoeg-1uol] Surread YSIOpm TASD YL (€) ‘(edue[eq J1ay) az1[1qess 0y Ayoeded s 102[qns

QY aInseawr 03) AI[Iqels Jo sywry ASD YL (2) ‘(ermsod Sumis Surmp anssaid Jo 101u00 s 309[qns
Q) ur soSueYD ) 2UINSLAW 01) ANSSAIJ JO INUD) TS YL (1) :ore asodind urew a1oy) pue sdde oy,

‘uorssaigoid
QSBASIP PUE SAWOINO PIJB[I-Y}[eaY
JUQIQJIP UO $IIYD $)I pue AJIANOR

[eo1sAyd uo Jue)uod [eUOnEONP IPIACIJ

JUANUOd

[BIOTARYQQ-OATIUSOD UO PISEq INOTABYDq

Ayanoe reorsAyd ur sa3ueyd ajeyrfoe

*UOTJRULIOJUT [BNSIA

Kq yoeqpaajorq Surpraoid 11es 104009y

*SUONONISUT [BGIIA
£q oeqpegjoIq YSnoIy) 1res 104000y

‘werdoxd

9S10JOX0 Ue SULINp YOrqpad) [BNSIA OPIAOI]

"Ade1oy) 10j0W-0ISNU PAZI[ENPIAIPU]

‘wesdoxd (4SD)
SISTOIOXD KJI[IQRIS-2I00 Paseq-oWo

‘weroxd

Kanoe [earsAyd paseq-owoy e 9qLIdsAId

*SQWI0JINO PIJR[AI-YI[BAY

pue s1ojowered K)anoe [eorsAyd JOIIUON

[oBqQPI9J [BNSIA UO Paseq

[[Tpean) dAnRoeINUI-paads yiim res urei],

[0s] (VId) ddy uoneurroguy yuoned

[8%] ddvy 1addadyropm

[17] (warsks qidnd)
ddy ano-(HQ) 1en jo Surzoary

[1%] (wasks qidnD)
ddv 1ren-(1gV) Yoeqpesjorq-orpny
[z#] ddy 1930wourouy ssedwo)

[6€] ddy wpAyyon

[¢¢] ddy wrereuwrre,

[8¢] ddy d0y-py

[ov]
sddy 1saL, qeprd pue Sururerf, qepry

[¥+] ddy 2Andy [emap

pringer

a's

SISOI9[0S S[dnnA

9SBISI( S, uosuryIeg

'syse) [eog Sururen souefeq ay) Surmp “Jorqpasy
UOTBULIOJUT YOBQPIJJ AJOJIPNE [BNSIA SWI)-[BAI MO[[E 0) PAUSISAp a1om ydrym sdde jo dnois e sem a1y, KI0)Ipne pue [ensiA AQ 9dueeq urel, [sy] sddy ASD
(SV¥) uon
ouoydres s3o0lqns ay) ySnon uone[nwns A1oypne oruyAyl e opraoid yomym dde swouonow e s 3| -e[nwns A1oypne druyIAyl £q jres urer, [L+] ddy owouoneN NAZ ayons
NOILIANOD
SHINLVIL ddV AINIVIA JSOoddNd HINVN WHLSAS HLTVIHIA TVOIDOTOINAN

SOINJEa) SWoISAS YIEOHW ¢ d|qeL



75 Page120f19

Journal of Medical Systems (2023) 47:75

Table 2 (continued)

&

MAINLY APP FEATURES

PURPOSE

MHEALTH SYSTEM NAME

NEUROLOGICAL
CONDITION

Springer

The Lose it! app was used to monitor physical activity and nutrition behaviors; the iPro Habit Tracker

Self-management intervention for moni-

Lose it!, iPro Habit Tracker and

Neurological conditions

app was used to track goals progress; and the Memories app was used to record symptoms. These apps
allow subjects to visualize their progress to achieve physical activity goals by feedback functionalities.

The subjects can choose preferences about information, goal setting, and self-monitoring.

toring physical activity parameters and

Memory: The Dairy Apps [49]
enhancing active behaviors.

(mixed)

The app provides an individualized exercise program. It includes picture or video clips of each exercise

Provide a home-based physical activity

program.

Pt Pal App[40]

and dose exercises instructions (sets, repetitions, and number of times to perform each exercise daily).
It allows subjects to carry out the exercise program in real time, guided by auditory feedback. Also, at

the end of each exercise, the subjects can record the difficulty and level of pain for further review by the

therapists.

p<0.001) (Fig. 2D) and non-affected step length
(MD=8.08;95%CI1=2.64,13.51; p=0.004) (Fig. 2E). Con-
cerning the dynamic balance, significant differences were
observed in the TUG test (MD=-7.15;95%CI1=-9.30,-4.99;
p<0.001) (Fig. 3A), and PASS (mobility) (MD= 1.71;95%
CI=1.38,2.04; p<0.001) (Fig. 3B). The FSST (MD=-
1.90;95%CI1=-3.82,0.03; p>0.05) (Fig. 3C), 6MWT
(MD=11.74;95%C1=-16.40,39.89; p=0.41) (Fig. 3D), and
2MWT (MD=5.13;95%CI=-10.55,20.81; p=0.52) (Fig. 3E)
results were no significant. Therefore, the results of the
present study suggest that the use of mHealth systems was
slightly more effective than the conventional rehabilitation
of training and enhancing gait and balance outcomes accord-
ing to motion analysis systems, the TUG test, and the PASS
(mobility).

Discussion

The present systematic review and meta-analysis were per-
formed to analyze the impact of the use of mHealth systems
on gait and dynamic balance outcomes in subjects with
neurological disorders. To our knowledge, this is the first
systematic review and meta-analysis analyzing the use of
mHealth systems for improving gait and balance in neurore-
habilitation, providing the first evidence-based findings sup-
porting its clinical application. As a result, 13 studies were
reviewed and 11 were examined in this meta-analysis. There-
fore, and according to our results, there was some evidence
of the use of mHealth systems which can impact positively
on gait and balance outcomes in subjects with neurological
disorders.

There are some reviews [13, 29-31] of both literature
and apps markets conducted to analyze the commercial
mobile apps in the neurorehabilitation field. They stated
that despite the wide variety of available apps with poten-
tial use and design for subjects with neurological disorders,
the scientific evidence from RCT is also limited to gener-
alize their efficacy and merge their recommendation. In
addition, they recommended knowing the characteristics
and therapeutic needs of this population to develop well-
founded and feasibility apps. Accordingly, a recent review
[51] also recommended the need to design new and mixed
teleneurorehabilitation protocols, which will be focused on
measuring quantitative and qualitative measures simultane-
ously. Another widespread conclusion in mHealth research
is the content validation, for which there are several evalu-
ation tools [52].

Gait recovery is the key goal in neurorehabilitation [53],
and new modalities of intervention are emerging. In that
way, one of these modalities is the use of the mHealth sys-
tems for improving spatiotemporal gait parameters, and
those parameters are reliable measurements to quantify gait
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A
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Ginis et al. 2016 0.1 0.24 20 0.06 0.14 18  6.4% 0.04[-0.08, 0.16] B
Grau-Pellicer et al. 2019 0.21 0.07 21 0.12 0.04 13 71.0% 0.09[0.05, 0.13] E 5
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Fig.2 Forest plots of gait spatiotemporal parameters. (A) Mean dif-
ference (95% CI) of effect of mHealth vs. conventional therapy on
speed; (B) Mean difference (95% CI) of effect of mHealth vs. con-
ventional therapy on cadence; (C) Mean difference (95% CI) of effect
of mHealth vs. conventional therapy on stride length; (D) Mean

recovery [54]. There are different systems for recording,
assessing, and monitoring motor impairments in daily life
settings for the population with neurological disorders. In
our meta-analysis, the findings on walking speed, cadence,
and affected and non-affected step length showed significant

Favours [control] Favours [experimental]

difference (95% CI) of effect of mHealth vs. conventional therapy
on affected step length; (E) Mean difference (95% CI) of effect of
mHealth vs. conventional therapy on non-affected step length; CI:
Confidence interval; IV: Inverse variance; SD: Standard deviation

improvements, so it can be considered a promising and
effective training method to improve those parameters. Nev-
ertheless, the results should be taken with caution because of
the differences in assessment systems and tests used, studied
population and the lightly studies included.
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Fig.3 Forest plots of dynamic balance. (A) Mean difference (95%
CI) of effect of mHealth vs. conventional therapy on TUG; (B) Mean
difference (95% CI) of effect of mHealth vs. conventional therapy on
PASS (mobility); (C) Mean difference (95% CI) of effect of mHealth
vs. conventional therapy on FSST; (D) Mean difference (95% CI) of

Gait impairments are closely related to decreased motor
trunk control and postural balance. The involvement of simi-
lar brain centers and neural pathways could explain this rela-
tionship for integrating neuromuscular and sensory signals
[55]. Therefore, neurorehabilitation should aim to improve
both functions to facilitate daily life activities recovery
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effect of mHealth vs. conventional therapy on 6MWT; (E) Mean dif-
ference (95% CI) of effect of mHealth vs. conventional therapy on
2MWT; CI: Confidence interval; IV: Inverse variance; SD: Standard
deviation

for independent and social participation [56], as well as to
decrease the risk of falls in population with neurological dis-
orders [41]. In this sense, our results showed controversial
findings depending on the measuring instrument. It is impor-
tant to highlight that the study using the CSMi apps [45], is
the only intervention designed for balance training, measuring
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the dynamic balance with the TUG test, but not with FSST
and 6MWT. It might influence our results, getting significant
results for the TUG test, but not for FSST, 6bMWT and 2MWT.

The improvements in gait and balance using mHealth could
be enhanced by several strategies, such as auditory feedback,
visual feedback, or incentive-based approaches. Concerning
the ZyMi Metronome App [47] and GotRhythm App [39],
they provide gait training through rhythmic auditory stimula-
tion for exciting motor neurons in the brainstem and the spinal
level, promoting motor learning and changes in neuroplasticity
through audition [57]. In that way, there is wide evidence of the
rhythmic auditory stimulation effects in recovering spatiotem-
poral gait parameters and dynamic balance in subjects with
neurological disorders [58—60]. Furthermore, ABF-gait App
[41] provided auditory feedback using verbal corrections and
positively reinforce during gait performance. Moreover, there
are smartphone apps used in the included studies which pro-
vide visual feedback, such as Virtual Active App [44], FOG-
cue App [41], CSMi Apps [45], Compass Inclinometer App
[42], or Farmalarm App [43], during the intervention to guide
motor performance. According to Noh et al. [56], it may be
more effective than conventional training for gait and balance
recovery. Finally, there are incentive-based mHealth apps, such
as Wellpepper App [48], Fitlab Training App [46], iPro Habit
Tracker App [49], Pt Pal App [40], Patient App [38] or PIA
[50], which provide home-based PA programs, PA informa-
tion and recommendations with activity goal attainments and
rewards, increasing the subjects’s motivation and the adher-
ence to PA [46].

Concerning the baseline characteristics of the partici-
pants, eight studies [38, 42—-47] included subjects with
stroke, in subacute or chronic phases. Two studies [41, 48]
involved subjects with Parkinson’s disease, other two [40,
49] included a sample of subjects with several neurological
disorders, and one study included subjects suffering multiple
sclerosis [50]. Therefore, the functional characteristics of the
included participants were heterogeneous. In addition, the
sample size was relatively limited in most included studies
with only 20-30 participants, making it difficult to establish
adequate and solid conclusions. It is important to consider
that these types of studies are usually performed in clinical or
home settings, without controlling the environmental influ-
ence and involving patients receiving treatment in an insti-
tution. Therefore, it is necessary to perform multi-centered
studies with no convenience samples, so it may generate
selection bias [61].

Aiming to complete our insight about the analyzed topic,
the minimum clinically important differences (MCID) were
considered evaluating the clinical relevance of our results.
According to the speed gait parameter, it was estimated
that the MCID in subjects with stroke is 0.16 m/s [62] for
subacute phases and an overall value of 0.13 m/s [63] was
determined. For Parkinson’s disease, it was established as

the range of clinically important difference an enhanced
speed gait from 0.05 to 0.22 m/s, considering 0.14 m/s as
moderate change [64]. In any case, despite the statically sig-
nificant difference in gait speed between studied groups, it
cannot be considered a clinically relevant change. Regard-
ing dynamic balance, the MCID of the TUG test is stated
as -3.8 to 2.6 seconds for subjects with stroke [65]. In this
instance, our results of the TUG test reached that clinical
relevance. Although the overall results of our meta-analyses
were significant for cadence, step length and PASS (mobility)
in subjects with neurological diseases, the information about
the MCID was not found. Therefore, we recommend the sci-
entific community provide future studies results in this way.

Finally, regarding the role of the neurorehabilitation pro-
fessionals, they have an active role on guiding patients on the
effective use of mHealth tools and ensuring that the inter-
ventions are safe and well-conducted [66]. By doing so, they
can help patients managing their conditions more effectively
and improving their overall health outcomes. They also assist
patients, families, and caregivers to have clear criteria and
indicators to use the optimal mHealth tools for their specific
requirements [30]. Definitively, professionals need to know
the validation data and scientific evidence of each app, as well
as their approval by the corresponding control agencies [67],
in order to individualize the clinical recommendations to the
needs of the patients with neurological disorders.

Study limitations

Although this review and meta-analysis provide an evidence-
based overview of the use of mHealth in subjects with neuro-
logical disorders, some limitations should be remarked. Our
results should be taken with caution because of the hetero-
geneity of neurological disorders and the variety of assess-
ment tools used. Likewise, several intervention protocols were
used in experimental and control groups. These facts could
influence the comprehension and interpretation of findings.
Thus, protocols standardization is needed for future studies.
Another common limitation, along with the studies included,
was the lack of assessor blinding for group allocation, result-
ing in a high risk of bias in this domain. As well as stated
previously, the sample size involved in the studies was limited,
making the generalization of the obtained results difficult.
Finally, it is necessary to perform trials with long-term follow-
up to assess whether the mHealth effects are maintained in
neurorehabilitation.

Nevertheless, despite of those limitations, this systematic
review and meta-analysis provides the first evidence-based
findings about the use of mHealth systems for gait and bal-
ance recovery in neurorehabilitation. Therefore, this manu-
script could be used as the base of future clinical studies and
discover the necessity of further research that will allow the
stratified analysis of the results.
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Conclusions

In conclusion, our study showed some evidence that
mHealth systems can be a useful tool for subjects with neu-
rological disorders to improve gait, and controversial results
were found on dynamic balance recovery. In that way, the
use of smartphones and tablets for performing clinical or
home-based rehabilitation is still in its first stages, and the
quality of evidence is not enough to merge the effectiveness
and strongly recommend the use of these systems in neurore-
habilitation. Thus, it is needed to conduct clinical trials with
higher methodological quality, involving a larger sample
size, homogenous studied groups, standardized protocols,
and outcome measures to recommend mHealth as an alterna-
tive or reliable complement to clinical neurorehabilitation.
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