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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%CI=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 

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, 

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  I2 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: i) 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 (10MWT) [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 
 (I2=49% and  I2=47%, respectively), while PASS (mobility) 



 Journal of Medical Systems (2023) 47:75

1 3

75 Page 4 of 19

presented substantial heterogeneity  (I2=75%). We found 
significant differences in temporal gait parameters, speed 
(MD=0.10;95%CI=0.07,0.13; p<0.001) (Fig.  2A) and 
cadence (MD=8.01;95%CI=3.30,12.72; p<0.001) (Fig. 2B). 

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%CI=4.88,12.90; 

Fig. 1  Information flow diagram of the different phases of the systematic review.
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p<0.001) (Fig.  2D) and non-affected step length 
(MD=8.08;95%CI=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%CI=-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%CI=-3.82,0.03; p>0.05) (Fig.  3C), 6MWT 
(MD=11.74;95%CI=-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 Ta
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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 

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.

A

B

C

D

E

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 

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
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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 

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 

A

C

B

D

E

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 

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
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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, 6MWT 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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