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1. Introduction

Movement disorders that stem from neurological conditions such as stroke, cerebral
palsy, multiple sclerosis (MS), Parkinson’s disease (PD), and spinocerebellar degeneration
(SCD) can significantly impair a person’s activities of daily living (ADL). Neurorehabili-
tation aims to mitigate the impact of these movement disorders, alleviate constraints on
the ADL, and promote increased social participation [1]. The advancements in neuroreha-
bilitation necessitate a thorough exploration of the underlying mechanisms of movement
disorders, the formulation of pathological hypotheses, and the development of new clinical
interventions and assessments, including outcome measure studies. This Special Issue
collects contributions from a wide range of domains, including fundamental research
that elucidates the intricacies of movement disorders and advancements in evaluation
measurement technologies, innovative interventional studies, and prediction of clinical
outcome studies.

These studies are expected to augment the recent developments in the field of neurore-
habilitation. In this editorial, we review these findings and discuss the future of, as well as
the remaining issues in, this field.

2. An Overview of the Published Articles

The RALLY Trial, led by Shuji Matsumoto et al., investigated the Walkaide® de-
vice’s effectiveness at enhancing the walking ability of post-stroke patients with foot drop
(Contribution 1). Despite the lack of significant improvement in the primary outcome
measure—the distance covered during a 6-min walk test—this study provides valuable
insights into the role of functional electrical stimulation (FES) in Japanese stroke patients
during their convalescent phase.

Shin et al. conducted a randomized controlled trial (RCT) to assess the impact of
the RAPAEL® Smart Glove digital training system on the upper extremity function and
cortical hemodynamic changes in patients with subacute stroke (Contribution 2). This
study highlights the potential of game-based virtual reality training to improve motor
function and cortical activation, which is consistent with previous studies [2].

Gerber et al. explored hand ownership in teenagers with unilateral cerebral palsy,
revealing the difference in their experiences compared to those of typically developing
teenagers (Contribution 3). This study emphasizes the importance of understanding
the subjective experience of hand ownership and provides insights into early interven-
tion strategies.

Romano et al. (Contribution 4) presented a novel approach that used exergame-based
exercise training for children with ataxia. This study demonstrated improvements in their

J. Clin. Med. 2024, 13, 852. https://doi.org/10.3390/jcm13030852 https://www.mdpi.com/journal/jcm
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hand dexterity, emphasizing the potential of exergaming to engage children during effective
upper-body rehabilitation.

Bedla et al. proposed a novel method for estimating the Gross Motor Function Measure
(GMFM) of children with cerebral palsy using the Zebris FDM-T treadmill (Contribution 5).
This approach offers a promising alternative for objective diagnostics through its reduction
in assessment time and enhanced accessibility.

Mihai et al. investigated the combined effects of radial extracorporeal shock wave
therapy and visual feedback balance training on lower limb post-stroke spasticity, trunk
performance, and balance (Contribution 6). This study demonstrates the ability of a
comprehensive approach to address multiple aspects of post-stroke rehabilitation.

Yang et al. introduced a 3D-printed dynamic hand–wrist splint for chronic stroke pa-
tients, and demonstrated how it improved hand dexterity (Contribution 7). This innovative
intervention offers a personalized and effective solution for at-home rehabilitation.

Tamaru et al. explored the effects of nerve gliding exercises following carpal tunnel
release surgery, emphasizing the importance of the conduction velocity of sensory nerves
in predicting hand function improvement (Contribution 8). This study provides valuable
insights into postoperative rehabilitation strategies.

In et al. investigated the effects of posterior pelvic tilt taping on the pelvic inclination,
muscle strength, and gait ability of stroke patients (Contribution 9). This study highlights
the potential benefits of taping as an adjunctive intervention to enhance the postural control
and gait of stroke survivors.

A comprehensive review, written by Sîrbu et al., assesses current neurorehabilitation
approaches to multiple sclerosis, emphasizing the need for personalized strategies to
address the varied symptoms of this prevalent neurological disorder (Contribution 10).

Marcos-Antón et al. conducted a systematic review of the use of the MYO Armband®

for assessing and training manual dexterity in individuals with upper limb impairment
(Contribution 11). Their work provides a comprehensive overview of the accuracy and
clinical effects of this technology and offers valuable guidance for practitioners.

Rodríguez-Fuentes et al. systematically reviewed the therapeutic effects of the Pilates
method for patients with multiple sclerosis (Contribution 12). While highlighting posi-
tive outcomes in terms of balance, gait, and physical functional conditions, this review
emphasizes the need for larger-scale studies with well-defined protocols.

3. Knowledge Gaps and Further Study

In summation, the impairments addressed by these neurological disease studies are
gait disturbance, balance impairment, and upper extremity utility. These are in line with
the unmet rehabilitation needs most sought after by neurological disorder patients. The
studies published in this Special Issue have made valuable contributions to the field of neu-
rorehabilitation; however, they also reveal persistent knowledge gaps that require further
exploration. Key areas for future investigation include more robust large-scale clinical trials
that encompass diverse participant populations. Additionally, long-term follow-up studies
are necessary to evaluate the sustained effects of these interventions. Comparative effective-
ness research is needed to identify the most efficacious rehabilitation strategies, while the
exploration and integration of innovative technologies into neurorehabilitation practices
are promising for generating advancements in the field. Furthermore, a comprehensive
understanding of individualized rehabilitation plans based on patient-specific factors is
essential for tailoring interventions to meet diverse patient needs and optimize their out-
comes. For example, in this SI, there was no positive effect found in the functional electrical
stimulation of ankle muscle on gait speed, despite a well-controlled study (Contribution 1).
However, this intervention study should be conducted other view such as other outcome,
other population, and other stimulation conditions.

Selecting optimal outcomes is crucial to advancing clinical reasoning, just as clini-
cal research is to selecting optimal interventions. In this SI, upper limb functions were
measured in a number of important studies, in patients with cerebral palsy, peripheral
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nerve injury, and post stroke (Contributions 2, 3, 4, 7, 8, and 11). However, there is no
internationally agreed-upon outcome to be obtained for these diseases, which hinders the
future consolidation of these findings. Core outcome sets (COSs) are necessary to advance
clinical research [3]; however, their development is lacking for certain conditions, even
for common incurable neurological diseases, such as SCD and PD, which are targets of
neurorehabilitation. We must also initiate the development of COSs for the treatment of
neurological diseases.

While the narrative and literature reviews reported in this SI (Contribution 7) are
important in establishing the efficacy of neurorehabilitation treatments, more systematic
reviews should also to be conducted to proactively examine the effectiveness of rehabil-
itation interventions in conditions such as stroke [4], PD [5], and SCD [6]. Furthermore,
guidelines [7] must be developed so that physicians, physical therapists, occupational
therapists, and patients worldwide can choose the evidence-based treatment that will
lead to the best outcome. Additionally, clinicians must be educated on how to utilize the
findings of systematic reviews.

Neuromodulation technology plays an important role in promoting neurorehabilita-
tion [8]. Transcranial electrical stimulation and repetitive transcranial magnetic stimulation
are now being validated for stroke [9], SCD [10], and PD [11]. However, there are few
RCTs of this technology, and parameter selection methods for the population conditions
and individual cases that are expected to find this technology effective remain unclear. In
addition to conventional physical and occupational therapies, we must continue to examine
the efficacy of neuromodulation.

Neuroregenerative medicine [12] for spinal cord injuries [13], stroke, and neurodegen-
erative diseases, such as PD and SCD, is expected in the near future. Neurorehabilitation
after structural regeneration may be effective in restoring function to patients, and this
issue should be addressed in the future.

4. Conclusions

The field of neurorehabilitation continues to evolve, with innovative interventions
being accompanied by outcome studies aimed at addressing the complex challenges posed
by various neurological conditions. While advancements in wearable technology, such
as virtual reality and noninvasive brain stimulation, offer promising avenues for reha-
bilitation, the multifaceted nature of neurological disorders requires continuous research
and collaboration to optimize treatment strategies. This editorial underscores the progress
that has been made and highlights the avenues for future exploration within the dynamic
landscape of neurorehabilitation.
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Abstract: Background: We evaluated whether the Walkaide® device could effectively improve
walking ability and lower extremity function in post-stroke patients with foot drop. Patients aged
20–85 years with an initial stroke within ≤6 months and a functional ambulation classification score
of 3 or 4 were eligible. Materials and Methods: Patients were randomly allocated to the functional
electrical stimulation (FES) or control group at a 1:1 ratio. A 40 min training program using Walkaide
was additionally performed by the FES group five times per week for 8 weeks. The control group
received the 40 min training program without FES. Results: A total of 203 patients were allocated
to the FES (n = 102) or control (n = 101) groups. Patients who did not receive the intervention or
whose data were unavailable were excluded. Finally, the primary outcome data of 184 patients
(n = 92 in each group) were analyzed. The mean change in the maximum distance during the 6-MWT
(primary outcome) was 68.37 ± 62.42 m and 57.50 ± 68.17 m in the FES and control groups (difference:
10.86 m; 95% confidence interval: −8.26 to 29.98, p = 0.26), respectively. Conclusions: In Japanese
post-stroke patients with foot drop, FES did not significantly improve the 6 min walk distance during
the convalescent phase. The trial was registered at UMIN000020604.

Keywords: electrical stimulation; gait; stroke; lower extremity; walking

1. Introduction

While age-standardized rates of stroke mortality have decreased worldwide in the
past two decades, both the absolute number of people experiencing a stroke every year
and the number of stroke survivors have been increasing [1]. Stroke survivors, often with
disabilities, cannot actively dorsiflex the foot during the swing phase of gait (known as
foot drop). Foot drop is a common disorder following stroke and is associated with severe
motor impairment, weakness or lack of voluntary control of the dorsiflexor muscles of the
ankle joint, and increased spasticity of the plantar flexor muscles [2]. Foot drop is classified
as the inability to dorsiflex the foot and is most commonly caused by weakness of the
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dorsiflexors (and abductor muscles) and/or overactivity of the plantar flexor muscle group
(and adductor muscles) [3]. Foot drop decreases gait velocity and limits functional mobility.
Traditionally, an ankle-foot orthosis (AFO) is used for foot drop [4]; however, the effects of
the AFO attachment include an increase in walking speed and stride [5].

Functional electrical stimulation (FES)—an alternative to foot drop treatment—is
designed to restore motor function in paralyzed limbs by electrically stimulating the neuro-
muscular system during ambulation [6]. Several randomized trials have demonstrated that
FES devices have similar benefits as AFOs for key walking measures in patients with foot
drop caused by stroke [7–10]. However, only a few studies have exclusively focused on
convalescent stroke patients (≤6 months post-stroke). Furthermore, most studies of FES
were conducted in Europe and the U.S., where lifestyles are very different from those in
Japan and shoes are worn even indoors [11–13]. In Japan, people do not usually wear shoes
indoors. Hence, whether FES devices would be effective for Japanese convalescent stroke
patients with foot drop remains unclear.

Walkaide® (Innovative Neurotronics, Reno, NV, USA) is an FES device suitable for
walking with bare feet as it has a tilt sensor [8]. The Walkaide® FES system is a self-
contained FES device with built-in tilt sensor that attaches with a cuff to the leg below
the knee. When the leg is tilted back at the end of stance, stimulation of the common
peroneal nerve is initiated, producing dorsiflexion of the ankle to facilitate leg clearance
during swing. When the leg is tilted forward at the end of the swing phase, stimulation
is terminated. In this trial, we examined whether the Walkaide® FES system effectively
improves walking ability and lower extremity function in Japanese patients with unstable
gait from foot drop post-stroke.

2. Materials and Methods

2.1. Study Design

We performed a randomized, controlled, open-label trial enrolling patients with post-
stroke hemiplegic gait disorder (foot drop) from 30 rehabilitation centers across Japan (study
sites and trial investigators are provided in Appendix B). The study protocol was approved
by the ethics committees of all participating institutions. This study was conducted in
accordance with the tenets of the Declaration of Helsinki. A detailed description of the
study design and the methods has been published previously, with a brief summary
provided here [14]. The trial was registered with ClinicalTrials.gov, registration number
was NCT02898168 (https://clinicaltrials.gov/ct2/show/NCT02898168) (accessed on 22
March 2023).

2.2. Participants

Patients aged 20–85 years were eligible for inclusion if they had an initial stroke
within ≤6 months with a functional ambulation classification (FAC) score of 3 or 4 (FAC is a
scale of 0–5, where 3 indicates supervision or standby guarding and 4 indicates independent
on level surfaces) prior to providing consent for this study [15]. Patients who could not
complete the rehabilitation program due to comorbidities (including severe osteoarthritis,
liver, kidney, or cardiovascular dysfunction) were excluded. In addition, the exclusion
criteria included the following: contraindication to the device (e.g., metallic implant,
implanted medical electrical device, past or current epilepsy, and uncontrolled seizure
disorder); neuromuscular disorders (excluding stroke); mental disorder; severe edema
of a lower extremity; evidence of deep venous thrombosis or thromboembolism; severe
atherosclerosis of the lower extremities; or musculoskeletal systems that would potentially
affect gait; and a high risk of falling. Patients with other conditions that may affect the
outcome were also excluded (e.g., use of FES or a robot suit within 1 month, botulinum toxin
injections or phenol nerve block injection within 6 months, or severe sensory dysfunction
or higher brain dysfunction before consenting to this study).

After the enrolled patients provided written informed consent, the treating physician
and physical therapists evaluated FES compatibility for a screening period of up to 7 days.
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Patients were excluded if any of the following was observed: (1) unresponsiveness to
the FES device, (2) intolerance to continuous stimulation, and (3) gait function improved
significantly during the screening period. The full eligibility criteria are provided in the
previous paper [14].

2.3. Randomization and Masking

After the screening period, the enrolled patients were randomly allocated to either
the FES or control group (1:1 ratio) with a minimization method using an electronic data
capturing system—eClinical Base (Translational Research Center for Medical Innovation)
(https://www.tri-kobe.org/support/tools/, accessed on 22 March 2023). The allocation
was centralized using web-based randomization software (eClinical Base). Randomization
was stratified according to the following factors: FAC score 3 or 4, age < 65 years, type of
stroke (ischemic or hemorrhagic), and institution.

This was an open-label trial with both patients and physicians unblinded to the treat-
ment allocation. However, all outcomes except the examinations with FES and question-
naires were evaluated by investigators blinded to the treatment allocation. The 10 m walk
tests (10-MWT) were videotaped, and gait disturbance was evaluated by an independent
central adjudication committee [14].

2.4. Procedures

A 60 min usual physiotherapy treatment was provided to both the FES and control
groups 5 days a week over 8 weeks (40 days), consisting of basic activity training as follows:
(1) mat exercise, (2) standing up and sitting down, (3) ambulation with assistive devices or
manual support, and/or range of motion (ROM) training, and/or gait training using an
AFO (if the patient had already used it at the time of recruitment). In addition to the usual
rehabilitation training, the patients included in this study received their allocated program
(FES or control). Any rehabilitation programs initiated before this trial were continued
under the condition that the intervals, duration, or contents remained the same throughout
the trial [14]. The study participants received the allocated program (FES or control) in
addition to the usual training. To ensure homogeneity of treatment at the 30 facilities, an
educational program was implemented in advance

2.4.1. FES Group

The participants in the FES group underwent a 40 min training program 5 days a week
for 8 weeks with Walkaide® (Teijin Pharma Ltd., Tokyo, Japan) (the stimulation parameters
have been detailed previously [14]). WalkAide electrical stimulation was performed by
applying electrodes to the peroneal nerve bifurcation and the tibialis anterior muscle using
an asymmetrical biphasic pulse. Stimulation was performed at voltages ranging from
121 V at 1 KΩ to 150 V at 1 MΩ, and the electrodes were fixed at the voltage at which
appropriate ankle dorsiflexion for walking was obtained. After appropriate dorsiflexion
was obtained, the pulse width (25–300 μs) and stimulation period (maximum 3 s) were
adjusted to set the appropriate stimulation pattern for each subject [14]. The therapeutic
electrical stimulation (TES) mode was used in patients with an FAC score of 3. In contrast,
the HAND mode (manual electrical stimulation) and TILT mode (electrical stimulation
delivered in the swing phase based on a tilt sensor) were used in patients with an FAC score
of 4. Treatment modes were selected to be adjusted by qualified program providers. The
use of AFO was prohibited during FES training. All training was overviewed by physicians
or physical therapists.

2.4.2. Control Group

A 40 min training program without FES was provided 5 days a week for 8 weeks. For
patients with an FAC score of 3, self-stretching and foot dorsiflexion ROM training (triple
foot triceps stretch training to extend the foot dorsiflexion ROM) was added; for patients
with an FAC score of 4, gait training using AFO was added.
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2.5. Outcomes

The primary outcome was the mean change in the distance covered during the 6 min
walk test (6-MWT), defined as the difference in the distances (meters) during a 6-MWT
performed barefoot at week 0 (pretreatment period) and until week 8 [16]. The secondary
outcomes included the changes in the 10-MWT [17,18], performed at a comfortable walking
speed, of which the average value of two measurements was calculated [16,19,20]. Other
secondary outcome measures included were as follows: (1) the 6-MWT with an AFO or
FES; (2) the Fugl–Meyer assessment score; (3) the modified Ashworth scale score; (4) the
active and passive ROM for ankle dorsiflexion; (5) the Timed Up and Go test; (6) Stroke
Impact Scale score; (7) patient-reported outcome measures (questionnaire); and (8) gait
evaluation by the care providers (videotaped). All outcomes were collected during week 0
and week 8. For the safety assessment, any adverse events (AEs) were collected regardless
of their severity.

2.6. Statistical Analysis

The planned study population comprised 200 patients (100 in each group). With
200 patients, a difference of 43.8 m in the 6-MWT was detectable with a statistical power of
80%, based on the assumption that the standard deviation (SD) was 110 m. Two-sample
t-tests were performed to compare the change in the 6-MWT distance between the groups.
All analyses were predefined in the statistical analysis plan before locking the database
and were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). Data are
expressed as means with SDs for continuous variables and frequencies and percentages for
discrete variables unless specifically mentioned. The significance level was set at p < 0.05
(two-tailed). As the primary analysis was conducted in accordance with the modified
intention-to-treat principle, the analysis excluded patients whose intervention was not
initiated, but included patients whose intervention was prematurely discontinued, as
prespecified in the protocol.

3. Results

The study was conducted with enrolment from May 2016 to December 2018. A total
of 203 patients were randomly assigned to the FES (n = 102) or control group (n = 101)
(Figure 1). Eighty-four patients in the FES group and 85 patients in the control group com-
pleted the intervention. After excluding 19 patients who did not receive the intervention or
whose data were not available, the data of the primary outcomes of 184 patients (92 in each
group) were analyzed. The baseline characteristics of the two groups were similar (Table 1).
The mean age at recruitment was 64 (SD: 11) years. A total of 138 (75%) patients were men.
A total of 102 patients (55%) had cerebral infarction, while 101 patients (55%) had an FAC
score of 3.

The primary outcome (mean change in the maximum distance during the 6-MWT
(barefoot) from the baseline to the end of the trial) was 68.37 (SD: 62.42) m in the FES group
and 57.50 (SD: 68.17) m in the control group (Tables 2 and A1). There was no statistically
significant difference between the groups (10.86 m; 95% CI: −8.26 to 29.98, p = 0.26).

In the secondary outcomes (Table 2), no statistically significant difference was observed
between the groups other than the active dorsiflexion ROM, patient-reported outcome
measures, and gait analysis (barefoot). Other outcomes of examinations with FES are
presented in Appendix A. p = 0.26).

There were seven (7%) cases and two (2%) cases of AEs in the FES and control groups,
respectively (Table 3). The most frequent AE was falling (five events in three patients in
the FES group), with mild severity in all cases, and no events were related to the trial
device. One case of a serious AE occurred in the FES group (femur fracture, one event),
whereas no such AEs were reported in the control group. In one patient in the FES group,
the device malfunctioned due to Bluetooth and application failure, which was resolved
through inspection and replacement of the device.
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Figure 1. Trial profile. Abbreviation: FES, functional electrical stimulation.

Table 1. Baseline characteristics by treatment allocation. Data are presented as means (SDs) or
n (%). Abbreviations: FAC, functional ambulation classification; MAS, modified Ashworth scale; SD,
standard deviation.

FES (n = 92) Control (n = 92)

Age, years 63.5 (10.5) 64.3 (11.8)
Sex (male) 70 (76) 68 (74)

Body weight, kg 62.6 (10.9) 61.4 (12.0)
Time since stroke onset, days 59.5 (32.6) 63.7 (30.4)

Cause of hemiplegia Cerebral hemorrhage 42 (46) 40 (43)
Cerebral infarction 50 (54) 52 (57)

FAC category 3 49 (53) 52 (57)
4 43 (47) 40 (43)

MAS score of plantar flexor muscles, knee extended 0 10 (11) 14 (15)
1 28 (30) 27 (29)

1+ 32 (35) 31 (34)
2 17 (18) 18 (20)
3 5 (5) 1 (1)
4 0 (0) 0 (0)

MAS score of plantar flexor muscles, knee flexed 0 21 (23) 21 (23)
1 34 (37) 34 (37)

1+ 24 (26) 25 (27)
2 11 (12) 10 (11)
3 2 (2) 1 (1)
4 0 (0) 0 (0)

Dorsiflexion range of motion Active 5.5 (5.5) 7.6 (7.6)
Passive, knee extended 7.0 (6.1) 6.0 (7.6)

Passive, knee flexed 13.6 (6.6) 14.7 (7.5)
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Table 2. Primary and secondary outcomes. Data are presented as means (SDs). No conclusions can
be made regarding differences in secondary outcomes because of the lack of planned adjustment
for multiple comparisons. Abbreviations: 6-MWT, 6 min walk test; AFO, ankle-foot orthosis; FMA,
Fugl–Meyer Assessment.

FES (n = 92) Control (n = 92)

Baseline Follow-Up Change Baseline Follow-Up Change p-Value

6-MWT (barefoot)
distance, m 164.21 (105.99) 232.57 (122.88) 68.37 (62.42) 153.87 (113.96) 211.37 (126.89) 57.50 (68.17) 0.26

6-MWT (with AFO)
distance, m 179.46 (92.66) 238.24 (97.87) 58.78 (55.66) 178.61 (109.96) 245.00 (123.76) 66.40 (55.25) 0.39

10-m walk test
(barefoot) speed, m/s 0.55 (0.29) 0.76 (0.31) 0.21 (0.18) 0.51 (0.3) 0.68 (0.37) 0.17 (0.17) 0.16

10-m walk test (with
AFO) speed, m/s 0.54 (0.25) 0.71 (0.28) 0.17 (0.16) 0.55 (0.28) 0.71 (0.33) 0.16 (0.14) 0.86

Lower extremity
FMA score 25.65 (4.87) 27.31 (4.33) 1.66 (2.49) 25.16 (5.14) 26.43 (5.29) 1.28 (2.9) 0.34

MAS score of plantar
flexor muscles Knee extended 1.36 (0.69) 1.21 (0.68) −0.15 (0.67) 1.24 (0.66) 1.06 (0.67) −0.18 (0.61) 0.76

Knee flexed 1.06 (0.71) 1.07 (0.72) 0.01 (0.68) 1.04 (0.68) 0.90 (0.65) −0.14 (0.65) 0.15

Dorsiflexion range
of motion Active 5.46 (5.57) 8.54 (6.54) 3.08 (4.21) 7.73 (7.6) 8.33 (8.7) 0.61 (4.25) 0.001

Passive, knee flexed 13.62 (6.59) 14.66 (6.37) 1.03 (5.51) 14.72 (7.48) 15.06 (7.74) 0.34 (5.58) 0.41

Timed up and go
test (barefoot), s At comfortable speed 28.52 (15.88) 19.18 (10.09) −9.34 (10.23) 31.29 (18.84) 22.84 (16.66) −8.45 (10.71) 0.58

At maximum speed 23.32 (13.07) 16.30 (9.82) −7.03 (8.61) 27.02 (17.83) 18.99 (13.66) −8.03 (10.24) 0.49

Timed up and go test
(with AFO), s At comfortable speed 27.81 (16.77) 20.12 (11.69) −7.68 (12.45) 29.68 (19.66) 21.48 (15.65) −8.20 (10.8) 0.78

At maximum speed 23.32 (13.07) 16.30 (9.82) −7.03 (8.61) 27.02 (17.83) 18.99 (13.66) −8.03 (10.24) 0.49

Stroke Impact Scale Mobility 53.49 (21.26) 76.17 (17.61) 22.69 (21.61) 52.17 (21.11) 71.71 (23.03) 19.54 (21.52) 0.33

Total score 54.32 (12.17) 64.50 (13.84) 10.18 (11.92) 54.15 (13.32) 62.92 (14.3) 8.77 (10.9) 0.41

Patient-reported
Burden in raising the

foot during
barefoot walking

40.76 (22.23) 59.42 (20.57) 18.66 (23.44) 37.35 (23.73) 51.45 (22.76) 14.10 (24.32) 0.20

Spasticity while
walking bare-footed 50.53 (28.79) 67.58 (26.64) 17.05 (33.84) 57.49 (32.74) 60.08 (28.12) 2.59 (33.37) 0.005

Stability in
bare-footed walking 41.85 (24.93) 64.25 (23.22) 22.41 (22.69) 40.19 (25.36) 54.55 (26.79) 14.35 (24.91) 0.02

Gait disturbance
evaluated by the care
providers (barefoot)

At stance phase 3.15 (12.54) 9.38 (12.34) 6.23 (6.96) 1.99 (11.85) 6.05 (12.97) 4.06 (6.32) 0.04

At swing phase 2.42 (10.23) 7.12 (10.26) 4.70 (5.45) 1.77 (9.79) 4.68 (10.53) 2.90 (4.71) 0.02

At all phases 5.57 (22.69) 16.50 (22.52) 10.93 (12.17) 3.76 (21.55) 10.73 (23.44) 6.96 (10.79) 0.03

Gait disturbance (AFO) At stance phase 2.76 (9.49) 8.28 (10.13) 5.53 (5.71) 2.79 (10.23) 6.87 (10.98) 4.08 (6.62) 0.15

At swing phase 1.81 (7.99) 6.26 (8.26) 4.45 (4.38) 1.90 (8.48) 5.19 (9.02) 3.29 (5.09) 0.13

At all phases 4.57 (17.37) 14.54 (18.31) 9.97 (9.81) 4.69 (18.63) 12.06 (19.94) 7.37 (11.53) 0.13

Table 3. Adverse events. Data are presented as n (%).

FES (n = 94) Control (n = 96) p-Value

Any adverse event 7 (7) 2 (2) 0.10
Adverse events related to treatment 0 0 -

Any serious adverse event 1 (1) 0 0.49

4. Discussion

To the best of our knowledge, this was the first large-scale randomized, controlled trial
conducted to evaluate the effectiveness of FES in Japanese convalescent post-stroke patients
with hemiplegic gait disorder. Previous studies with smaller sizes have shown that FES
improves the quality of gait in non-Japanese patients with foot drop [7–10]. However, the
effect of the FES device is expected to be different from that in Western patients because of
the Japanese lifestyle, which is often spent barefoot, requiring complex muscle movements
due to the instability of the ankle joint. In this trial, FES did not significantly improve the
distance covered by post-stroke patients with foot drop in the barefoot 6-MWT, which was
the primary outcome.
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Only a few studies with small sample sizes (n < 30) have focused on convalescent
stroke patients [21,22]. In our trial (n = 184), the mean duration of the convalescent period
was 61.6 days. In general, considering the plasticity of the brain, the paralysis of lower
limb function is best improved within 3 months after onset. As this trial focused on such
a convalescent phase important for recovery from paralysis, it could offer valuable infor-
mation. Previous studies have shown the effectiveness of FES in improving receptivity to
gait [21] and improving ankle paralysis [22,23], but all of these studies were conducted
with small numbers of patients. On the other hand, there are also reports that FES did
not improve ankle paralysis [24], which may depend on the number of cases, the time
since stroke onset, and the paralysis assessment scale. In the FES group in this study, there
were no group differences in walking speed, cadence, or FAC grade, though there was a
tendency toward improved receptivity to gait (Appendix A). The ROM for ankle dorsiflex-
ion and Fugl–Meyer assessment were used to assess paralysis in our study. Although no
improvement was observed with the Fugl–Meyer assessment, there was an improvement
in the ankle dorsiflexion ROM. These findings suggest that the device selection, frequency
of use, and study endpoint should be carefully considered in future studies.

As it is usual to walk indoors with bare feet in Japan, we chose the 6-MWT (barefoot)
as the primary outcome measure for our trial. Wearing Walkaide® enables patients to
comfortably walk indoors with bare feet while feeling the ground with the soles of the
foot. Everaert et al. [8] conducted a randomized, controlled, crossover trial with three
parallel arms (n = 121) to compare the effectiveness of Walkaide® and AFO in post-stroke
patients within 1 year from onset (convalescent phase plus chronic phase, mean: 6.4 months;
SD: 3.6 months). A large but non-significant difference in improvement was observed in
walking speed (barefoot) when comparing Walkaide® and AFO. Similarly, no significant
difference was observed in either the 10-MWT (barefoot) or 6-MWT (barefoot) in our trial.
In the trial of Everaert et al. [8], AFO was not used in the control group, which may have
affected the difference. In many trials, FES was shown to be non-superior to AFO [10,25,26].
In particular, we speculated that allowing the control group to use AFO might have masked
the effectiveness of FES in this study. In contrast, a significant difference was observed in
the gait evaluation, when walking barefoot, by care providers and was better in the FES
group. This suggests that FES can make patients walk correctly and cleanly, as reported by
Sheffler et al. [22], although walking speed and distance were unchanged.

We analyzed the walking speed, stride length, gait, and walking distance within a
specified time, as in the 6-MWT, 3-MWT, and 10-MWT, and observed significant improve-
ments after the FES intervention in the 6-MWT (barefoot, FES, AFO), 10-MWT (barefoot,
FES, AFO), and timed up and go test (degree of comfort in a maximum of barefoot, FES,
AFO). However, as mentioned before, there is a possibility that the effectiveness of FES
was unexpectedly masked because AFO use was allowed in the control group in our trial.
Moreover, it was noteworthy that the barefoot gait evaluation in the stance phase, swing
phase, and all phases showed a significant difference between the groups. In the previous
reports, the evaluation methods were diverse, and the results varied depending on the
equipment used for the intervention and the intervention methodology (frequency, dura-
tion, control, etc.). Generally, FES is not superior to AFO, and improvements with FES are
similar to those with AFO in various walking evaluation methods. According to the report
by Everaert et al. [8], significantly more patients preferred Walkaide® as a supportive device
after the study. The study by Salisbury et al. [21] also reported that the FES device tended
to improve the patient’s receptivity to walking. Thus, patients experienced comfort while
walking with the FES support, which did not change the walking speed or distance; this
was reflected by the differences between the groups in the three patient-reported outcomes
assessed. Post-stroke patients preferred Walkaide® as a supportive device.
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Study Limitations

This study had some limitations. First, the inclusion criteria should have been broader,
including patients with an earlier onset or lower walking ability. Second, more consid-
eration should be given to the use of AFO in the control group to avoid affecting the
results. Third, we should have promoted the selection of the TILT mode more actively
because Walkaide® is originally intended for use in the TILT mode. In future studies, these
limitations should be considered when planning the study design. Lastly, gait disorders
are complex in nature, involving not only weakness of the legs, but also spatio-temporal
patterns, joint position sense [27], and other coordination disorders [28] that affect the na-
ture of movement. Although we have tried to eliminate, as much as possible, the influence
on gait, other than that of stroke, in the eligibility criteria, it is important to try to analyze
in detail and stratify the data of the gait condition recordings conducted in this study.

5. Conclusions

FES did not significantly improve the distance covered during the barefoot 6-MWT
performed by Japanese convalescent stroke patients with hemiplegic gait disorder (foot
drop). A similar study design, the PLEASURE study [29] of chronic stroke patients, found
that the magnitude of improvement in gait ability and ankle-specific body function in the
FES group was similar to that in the control group, as did the results of this study. Electrical
stimulation to promote ankle dorsiflexion with the WalkAide did not show efficacy in the
treatment of Japanese convalescent stroke patients with drooping legs, but future work is
needed to investigate the therapeutic effects of the device or stimulation conditions.
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Appendix A

Table A1. Outcomes of examinations with FES. Data are presented as means (SDs). 6-MWT, 6 min
walk test; FES, functional electrical stimulation.

FES (n = 92)

Baseline Follow-Up Change

6-MWT distance, m 193.07 (108.05) 257.08 (110.47) 64.01 (61.99)
10 m walk test speed, m/s 0.58 (0.27) 0.78 (0.29) 0.20 (0.15)

Timed up and go test, s At comfortable speed 25.78 (18.92) 18.18 (9.58) −7.61 (16.8)
At maximum speed 21.71 (18.12) 15.35 (8.12) −6.37 (16.23)

Gait disturbance at 10 m walk test
At stance phase 6.27 (11.31) 11.83 (11.1) 5.56 (5.99)
At swing phase 4.67 (9.24) 9.08 (8.91) 4.41 (4.69)

At all phases 10.94 (20.48) 20.91 (19.96) 9.97 (10.51)
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Abstract: This study was a randomized controlled trial to examine the effects of the RAPAEL® Smart
Glove digital training system on upper extremity function and cortical hemodynamic changes in
subacute stroke patients. Of 48 patients, 20 experimental and 16 controls completed the study. In
addition to conventional occupational therapy (OT), the experimental group received game-based
digital hand motor training with the RAPAEL® Smart Glove digital system, while the control group
received extra OT for 30 min. The Fugl-Meyer assessment (UFMA) and Jebsen-Tayler hand function
test (JTT) were assessed before (T0), immediately after (T1), and four weeks after intervention (T2).
Cortical hemodynamics (oxyhemoglobin [OxyHb] concentration) were measured by functional near-
infrared spectroscopy. The experimental group had significantly better improvements in UFMA
(T1-T0 mean [SD]; Experimental 13.50 [7.49]; Control 8.00 [4.44]; p = 0.014) and JTT (Experimental
21.10 [20.84]; Control 5.63 [5.06]; p = 0.012). The OxyHb concentration change over the ipsilesional
primary sensorimotor cortex during the affected wrist movement was greater in the experimental
group (T1, Experimental 0.7943 × 10−4 μmol/L; Control −0.3269 × 10−4 μmol/L; p = 0.025). This
study demonstrated a beneficial effect of game-based virtual reality training with the RAPAEL®

Smart Glove digital system with conventional OT on upper extremity motor function in subacute
stroke patients.

Keywords: stroke; upper extremity; motor function; cortical neuroplasticity; virtual reality

1. Introduction

Stroke is a leading cause of morbidity and the main cause of sensory-motor impairment
worldwide. Several studies have reported that more than 65% of chronic stroke patients
have had motor and sensory problems in the hemiparetic upper extremity [1,2]. Hand
function is required for many activities of daily living (ADL), such as manipulating objects,
eating, and computer and telephone use. Loss of hand function is a serious, common result
of a cortical lesion from a cerebrovascular attack [3]. Therefore, recovery of hand function
is of primary importance in the neurorehabilitation of stroke survivors. Furthermore,
timing must be considered when planning neurorehabilitation focused on neuroplasticity
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following a stroke [4]. Previous studies have demonstrated that earlier rehabilitation
leads to greater neuroplasticity in cortical areas controlling hand function in the lesioned
hemispheres [5,6].

Previous evidence suggests that intensive repeated training is likely to be necessary
to modify neural organization and promote recovery of hand motor skills in stroke pa-
tients [7,8]. Conventional rehabilitation for hand function and neuroplasticity, such as
constraint-induced movement therapy [9], high-intensity training, and repetitive task-
oriented training [10] often has unsatisfactory results due to insufficient patient motivation.
In this regard, game-based virtual reality (VR) training is becoming a promising technology
to promote motor recovery by providing high-intensity and repeated task-oriented rehabil-
itation with three-dimensional game programs involving patient body movement [11–14].
A 2017 Cochrane Review suggested that addition of VR to conventional care produced a
significant difference between intervention and control groups in upper limb function [15].
A recent meta-analysis of 17 studies confirmed the feasibility of VR in early stroke rehabili-
tation and also suggested that VR intervention showed similar outcomes in upper extremity
and ADL function to dose-matched conventional therapy [16].

Additionally, robotic rehabilitation was posited to have a positive effect on attention;
reduce the effort needed to enhance motor control, specifically in the hand; boost motiva-
tion; boost adherence to treatment; and boost sensorimotor integration [17]. Consequently,
robotic rehabilitation may complement standard rehabilitation for restoring hand func-
tion [18]. However, despite these advantages, common problems with robotic devices are
their high cost, large size, and rigid components. Most devices are designed for hospital
use and are too complex for patients to use on their own at home. A sensor-based, soft,
smart glove device can allow multiple degrees of freedom and complex motions with soft
components [19–21]. There are several smart gloves with varying features from exoskeletal
gloves to fabric or strip type gloves [22]. Commercial smart gloves have been used in many
fields including motion capture, video games, industrial training, and medicine. In this
study, we used the RAPAEL® Smart Glove digital system with game-based VR developed
by Neofect (Yong-in, Republic of Korea) for task-oriented hand training with interactive
motion recognition of user movement. A task-specific, interactive, game-based VR system
combined with a soft smart glove can be used for motor recovery in stroke patients [21].
The RAPAEL® Smart Glove digital system with game-based VR system for post stroke
patients showed that the smart glove group had greater improvement in upper extremity
motor functions than did a conventional occupational therapy group [21,23]. Similar results
were demonstrated in a study with cerebral palsy patients [24]. These studies reported
consistent results for effectiveness of smart glove systems for upper extremity rehabilita-
tion. However, no study examined cortical biosignals induced by the intervention. The
most reliable and repeatable cortical hemodynamic response following motor stimulation
consists of increase in oxygenated hemoglobin (OxyHb) coupled with a decrease in deoxy-
genated hemoglobin (deOxy Hb) [25]. Functional near-infrared spectroscopy (fNIRS) is
a useful and non-invasive tool for measuring blood hemodynamic changes by recording
the density of cerebral blood oxygenation in real-time [26]. fNIRS is more convenient,
less expensive, and more tolerant of patient movement compared to functional magnetic
resonance imaging (fMRI) and is more resistant to artifacts than electroencephalography
(EEG) [26,27]. Although more evidence is required on the reliability and repeatability of
fNIRS data, previous studies suggested fNIRS for localizing cortical activity by measuring
hemodynamic changes [25,28].

The aim of this study was to examine the superiority of RAPAEL® Smart Glove
digital training compared with conventional occupational therapy (OT) alone on upper
extremity function in subacute stroke patients and cortical hemodynamic changes in a
small sub-sample of patients.
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2. Materials and Methods

2.1. Participants

A sample size of 40 patients (20 in each of groups) was deemed sufficient to detect
a clinically significant difference of 10 points for the Fugl-Meyer assessment (UFMA),
assuming a standard deviation of 10.73 points, using a two-sample two-sided t-test of mean
difference, a power of 80%, and a significance level of 5%. The calculation is based on the
assumption that the measurements on UFMA are normally distributed, and the calculations
were performed with G*Power software (version 3.1). This study enrolled 48 in-patients
with upper limb functional deficits caused by stroke, who presented at Samsung Medical
Center of Seoul or Pusan National University Yangsan Hospital of Yangsan-si, Republic
of Korea. Participants were eligible for inclusion if they met the following requirements:
(1) age between 20 and 85 years, (2) >3 weeks and <3 months after stroke onset, (3) active
range of motion (ROM) in the wrist >10 degrees, and (4) unilateral upper limb deficit with
a 66 > Fugl-Myer Assessment score >22. Exclusion criteria were (1) history of preexisting
neurological or psychiatric disorder, (2) multiple or bilateral stroke lesions, (3) Korean Mini-
Mental State Exam (K-MMSE) score <17, (4) aphasia, and (5) pregnancy. Ethics approval
was granted by the Ethics Committees of Samsung Medical Center of Seoul and Pusan
National University Yangsan Hospital, and written informed consent was obtained from all
participants before the study. This study was retrospectively registered at ClinicalTrials.gov
(accessed on 1 May 2015, NCT02431390).

2.2. Study Design

A randomized, controlled, parallel group trial with a single, blinded evaluator design
was performed to test the effectiveness of hand motor training with the RAPAEL® Smart
Glove digital system and game-based VR in subacute stroke patients. Eligible participants
were randomly placed in either the experimental group with hand motor training with the
RAPAEL® Smart Glove digital system or in the control group with conventional OT for the
same amount of time. All participants were assigned a code number, and a lottery method
was used for simple randomization. The clinical research coordinator assigned each patient
to one of the two groups after the lottery. The patients were assigned to occupational
therapists who conducted the intervention. To ensure blinding of the evaluator, patients
were instructed not to share their allocation. The independent examiner who measured the
outcomes and the occupational therapists who managed the intervention sessions were
experts in their respective fields.

2.3. RAPAEL® Smart Glove Digital System

The RAPAEL® Smart Glove digital system was designed to provide repetitive task-
oriented training to induce neuroplasticity of the motor system controlling hand function
in stroke patients. The system has two types of embedded sensors to collect information on
individual motions in real time. From those sensors, the system provides real-time active
and passive ROM of the wrist and fingers during movement. Additionally, the system
provides information about game-based VR training progress and patient achievements.
By applying a ‘Learning Schedule Algorithm’ to game-like exercises, the RAPAEL® Smart
Glove can create ADL-related tasks compatible with an individual’s functional level.

2.4. Intervention Protocols

All participants were treated with 20 intervention sessions over 4 weeks, 5 times per
week, 1 h per day. The experimental group received game-based VR hand motor training
with the RAPAEL® Smart Glove digital system. If participants missed any training during
the intervention period, additional sessions were offered at another time during the week or
during an optional additional week at the end of the intervention period. For VR treatment,
the occupational therapist observed each patient and selected the appropriate content
and game level. The participants were required to successfully perform tasks related to a
specific intended movement to obtain a high score.
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In the training protocol, the average time per session was 1 h, divided into 30 min
with the VR training program and 30 min of conventional OT. The intervention structure
was customized to participant hand function level. As the sessions progressed, the training
intensity gradually increased by changing the VR game level. The control group had 1-h
sessions of conventional OT alone without VR hand motor training.

2.5. Outcome Measures

We performed the following assessments before intervention (T0), immediately after
the intervention (T1), and 4 weeks after the intervention (T2). During outcome measure-
ments, the examiners were blinded to participant group.

2.5.1. Primary Outcome: Motor Function

An occupational therapist performed upper extremity UFMA for motor impairment
of the affected side and the Jebsen-Taylor hand function test (JTT) at T0, T1, and T2. The
UFMA consists of 33 items (3-point ordinal scale; range, 0–66), with higher scores indicating
less impairment [29]. The JTT assesses hand function according to ADL with a series of
7 timed subtests of writing, simulated page turning, picking up small objects, simulated
feeding, stacking checkers, picking up large light objects, and picking up large heavy
objects [30]. In the original JTT, a subtest is considered missing if it is not completed within
a certain amount of time. To overcome this limitation of the original JTT scoring system, we
adopted a modified system presented in a previous study. According to this modification,
each subtest is scored from 0 to 15, and the total score is the sum of all subtest scores and
ranges from 0 to 105 [31].

2.5.2. Secondary Outcome: Cortical Activation Changes in the Motor Cortical Regions

To investigate cortical hemodynamic changes, we measured OxyHb concentration us-
ing the NIRSscout® system (NIRx Medical Technology, Berlin, Germany), which is a multi-
modal, compatible, fNIRS platform. This system has optodes of 16 sources and 16 detectors,
which cover the primary sensorimotor cortex (SMC), the premotor cortex (PMC), and the
supplementary motor area (SMA), using 45 channels of interest (Supplementary Figure S1).
The NIRSscout® uses two wavelengths (760 nm and 850 nm) with a sampling rate of 3.91 Hz.
The optodes were positioned according to the international 10/20 system, and the channel
distance (i.e., distance between the source and detector) was 3.0 cm. Cortical hemodynamic
responses were recorded for 700 s at T0 and T1. Baseline OxyHb concentration data were
collected during the first 300 s, followed by 400 s of affected wrist and hand movement.
This movement consisted of five blocks of 80 s (80 s × 5 times = 400 s), each with 30 s of
rest, 10 s of wrist flexion-extension, 30 s of rest, and 10 s of hand grasp task.

Amount of change in OxyHb concentration over the ipsilesional SMC was the sec-
ondary outcome. Change in OxyHb concentration was calculated as OxyHb concentration
during wrist/hand movement minus OxyHb concentration during rest (ΔOxyHb = OxyHb
rest − OxyHb during wrist or hand task). The OxyHb concentration was analyzed by the
NIRS-SPM (Near Infrared Spectroscopy-Statistical Parametric Mapping) software package
in MATLAB (The Mathworks, MA, USA) [32]. To investigate cortical hemodynamics in
the affected side of the brain, the left-brain lesions were flipped from left to right during
data preprocessing, so all included lesions were set on the right. We used a modified
Beer-Lambert law to calculate OxyHb level following change in cortical concentration [33].
The international 10/20 system was used to position optodes with the cranial vertex (Cz)
located beneath the first source. The nasion, left ear, right ear, and inion were identified in
each subject. A stand-alone application was used for spatial registration of the 49 functional
channels on a Montreal Neurological Institute brain.

Gaussian smoothing with a 2s full width at half maximum (FWHM) was applied to
correct noise from the fNIRS system. A wavelet discrete cosine transform (DCT)-based
detrending algorithm was used to correct signal distortion due to breathing or movement,
and a general linear model (GLM) analysis with a canonical hemodynamic response
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curve was performed to model the hypothesized OxyHb response under the experimental
conditions [32]. To investigate changes in cortical hemodynamics during the affected wrist
and hand movements, we selected five regions of interest (ROIs), defined by Brodmann’s
area (BA) or anatomical markers: the SMC (BA 1, 2, 3, and 4), the PMC (BA 6), and the SMA
(anterior boundary: vertical line to the anterior commissure, posterior boundary: anterior
margin of the SMC, medial boundary: midline between the right and left hemispheres,
lateral boundary: 15 mm lateral to the midline between the right and the left hemispheres).

2.6. Statistical Analysis

We performed per-protocol (PP) analysis of the data of participants who completed
the experiments. All statistical analyses were performed with SPSS version 27.0 (version 27;
SPSS, Inc., Chicago, IL, USA), and the significance level was set at 0.05. The Shapiro-Wilk
test was used to confirm that all outcome variables were normally distributed. The Chi-
square test was used for binary parameters to compare baseline characteristics between
groups. For between-group analysis, the independent t-test and the Mann-Whitney U test
were appropriately used. The paired t-test or Wilcoxon signed rank test with Bonferroni’s
correction was used for comparing the three time points (T0, T1, and T2). For measur-
ing time x group interaction in UFMA and JTT, repeated measures analysis of variance
(RMANOVA) was performed.

For comparing ΔOxyHb, statistical parametric mapping (SPM) t-statistic maps were
computed for group analyses and were considered significant at an uncorrected threshold
of p < 0.05. Median, interquartile range (IQR), and p value from the Mann-Whitney U test
were provided to depict the change within each group.

3. Results

3.1. Participants Characteristics

A total of 48 subacute stroke patients were screened for this study from December
2015 to May 2017. Among 48 patients, six did not meet the inclusion criteria. We allocated
42 patients into experimental and control groups, each with 21 patients. During the study,
one participant from the experimental group and five from the control group dropped out
for reasons of: (1) patient choice (one patient), (2) failure to complete the interventions
(three patients), and (3) follow-up loss (two patients). Finally, a total of 36 participants
completed the 20-session intervention program and followed up until four weeks after
intervention completion. These patients were included for the PP analysis. Figure 1
provides a consort flow diagram of participant recruitment and retention through this
study. General characteristics of the 36 participants are shown in Table 1. No significant
differences in general characteristics or dependent variables were observed between groups.

Table 1. Baseline characteristics of the study population.

Characteristic
Experimental Group

(n = 20)
Control Group

(n = 16)
p-Value

Sex (male: female) 10:10 7:9 0.709 b

Age (years) 57.00 (12.78) 63.69 (8.58) 0.070 a

Stroke onset duration (days) 24.70 (16.26) 34.00 (25.49) 0.336 c

Stroke type
Ischemic: Hemorrhagic 11:09 13:03 0.097 b

Side of stroke
Right: left 13:07 9:07 0.593 b

Upper extremity function
UFMA, total 41.30 (8.90) 37.13 (12.84) 0.258 a

JTT, total 12.00 (15.29) 8.25 (11.93) 0.290 c

Spasticity of upper extremity
MAS 0: MAS 1 18:02 15:01 0.585 b

K-MMSE 24.95 (3.97) 25.31 (3.57) 0.778 a

Continuous values are expressed as mean (standard deviation). UFMA, Fugl-Meyer assessment of upper extremity;
JTT, Jebsen-Taylor hand function test; MAS, Modified Ashworth Scale; K-MMSE, Korean version of the Mini-
Mental State Exam. a Independent t-test; b Chi-square test; c Mann-Whitney test.
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Figure 1. Consort flow diagram. fNIRS: functional near-infrared spectroscopy.

3.2. Primary Outcome Results

The UFMA raw scores before and after intervention are presented in Table 2
(Supplementary Table S1 for median and IQR and Supplementary Table S2 for within-group
p-value) and Figure 2. The changes in the UFMA scores in the two groups are compared
in Table 3. After the intervention, the experimental group showed larger improvement in
the UFMA total (mean [SD]; Experimental 13.50 [7.49]; Control 8.00 [4.44]; p = 0.014) and
subscores in wrist (Experimental 3.35 [2.25]; Control 1.38 [1.36]; p = 0.024), hand (Experi-
mental 4.60 [3.68]; Control 2.13 [1.86]; p = 0.043), and coordination/speed (Experimental
1.40 [1.14]; Control 0.69 [0.79]; p = 0.048) than the control group. In the subsequent four
weeks, there were significant differences between the two groups only in UFMA wrist
(Experimental 0.20 [1.15]; Control 1.75 [1.44]; p = 0.001) subscore. In addition, the UFMA
total score had a significant group × time interaction such that the experimental group had
greater improvement (p < 0.05). Among the UFMA subscores, the wrist and hand items
had a significant group × time interaction such that the experimental group showed greater
improvement (p < 0.05).
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Table 2. Assessment scores for the affected upper extremity in the experimental and control groups.

Variables
Experimental Group (n = 20) Control Group (n = 16)

Time × Group
Interaction

T0 T1 T2 T0 T1 T2 p-Value

UFMA, total 41.30 (8.90) 54.80 (8.27) a 58.70 (7.53) b,c 37.13 (12.84) 45.13(10.44) a 49.32 (10.98) b,c 0.027 *
UFMA, subscore
Shoulder/Elbow/Forearm 27.00 (4.95) 32.20 (3.73) a 33.85 (3.54) b,c 26.25 (6.10) 30.38 (3.85) a 31.19 (4.31) b 0.148
Wrist 4.70 (2.41) 8.05 (2.48) a 8.25 (2.45) b 3.31 (2.98) 4.69 (2.63) a 6.44 (2.87) b,c 0.010 *
Hand 6.15 (3.34) 10.75 (3.09) a 11.85 (2.48) b,c 5.56 (3.85) 7.69(3.75) a 8.81 (3.54) b,c 0.019 *
Coordination/Speed 2.40 (1.14) 3.80 (1.51) a 4.35 (1.42) b,c 1.69 (1.85) 2.38 (1.78) a 2.88 (1.45) b 0.052
JTT, total 12.00 (15.29) 33.10 (21.12) a 40.90 (23.52) b,c 8.25 (11.93) a 13.88 (14.62) 18.00 (15.41) b,c 0.004 **
JTT, subscore
Writing 3.05 (4.32) 7.50 (5.24) a 8.85 (5.13) b,c 1.81 (3.43) 4..38 (4.02) a 5.38 (4.47) b,c 0.180
Simulated page turning 0.45 (0.76) 1.90 (1.78) a 2.95 (2.06) b,c 0.63 (1.54) 1.01 (1.77) a 1.38 (1.89) b 0.003 **
Picking up small objects 0.75 (1.77) 3.55 (3.19) a 4.75 (3.70) b,c 0.69 (1.30) 1.19 (1.80) 1.69 (2.12) b 0.004 **
Simulated feeding 1.90 (2.97) 5.90 (4.25) a 7.40 (4.80) b,c 1.50 (2.81) 2.13 (3.61) 2.69 (3.57) b 0.001 **
Stacking checkers 1.90 (2.59) 5.75 (3.88) a 6.75 (3.93) b 1.63 (2.96) 2.25 (3.59) 2.88 (3.67) b 0.002 **
Picking up large light
objects 1.90 (3.11) 4.45 (3.49) a 5.35 (4.17) b,c 0.94 (1.48) 1.38 (1.71) a 1.88 (2.00) b 0.008 **

Picking up large heavy
objects 2.05 (3.10) 4.05 (3.44) a 4.85 (3.83) b 1.06 (1.53) 1.50 (1.79) a 2.13 (1.89) b 0.038 *

All values are presented as mean (SD). T0: before the intervention; T1: immediately after the intervention; T2:
four weeks after the intervention; UFMA: Fugl-Meyer assessment of upper extremity; JTT: Jebsen-Taylor hand
function test. * p < 0.05, ** p < 0.01 for time x group interaction by repeated measurement analysis of variance
(RMANOVA). a p < 0.05 for T1-T0, b p < 0.05 for T2-T0, c p < 0.05 for T2-T1 within-group comparisons by paired
t-test or Wilcoxon signed rank test as appropriate after Bonferroni’s correction. The uncorrected and corrected
p-values are described in Supplementary Table S2.

Figure 2. Fugl-Meyer assessment of upper extremity in experimental and control groups. T0,
before the intervention; T1, immediately after the intervention; T2, four weeks after the intervention.
* p < 0.05 between-group comparisons according to independent t-test or Mann-Whitney U test for
continuous variables as appropriate after Bonferroni’s correction. † p-value according to repeated
measure analysis of variance.

The JTT raw scores before and after intervention are presented in Table 2 and Figure 3.
The changes in JTT scores in the two groups are compared in Table 3. The changes of JTT
total (Experimental 21.10 [20.84]; Control 5.63 [5.06]; p = 0.012) and subscores in picking up
small objects (Experimental 2.80 [3.16]; Control 0.50 [1.10]; p = 0.004), simulated feeding
(Experimental 4.00 [4.12]; Control 0.63 [1.26]; p = 0.003), stacking checkers (Experimental
3.85 [4.04]; Control 0.63 [1.50]; p = 0.001), and picking up large light (Experimental 2.55
[2.72]; Control 0..44 [0.51]; p = 0.004) and heavy objects (Experimental 2.00 [2.68]; Control
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0.44 [0.51]; p = 0.041) showed significant differences between groups immediately after
the intervention. In the subsequent four weeks, there were significant differences between
the two groups only in JTT picking up small objects subscore (Experimental 1.20 [1.15];
Control 0.50 [0.73]; p = 0.044). In addition, the JTT total score had a significant group ×
time interaction such that the experimental group demonstrated greater improvement
(p < 0.05). More interestingly, for each individual JTT component (simulated page turning,
picking up small objects, simulated feeding, stacking checkers, picking up large light
objects, and picking up large heavy objects) except for writing, the experimental group
showed significantly greater improvement than the control group (p < 0.05), according
to RMANOVA.

Figure 3. Group analysis of Jebsen-Taylor hand function test in experimental and control groups. T0,
before the intervention; T1, immediately after the intervention; T2, four weeks after the intervention.
* p < 0.05 between-group comparisons according to independent t-test or Mann-Whitney U test for
continuous variables as appropriate after Bonferroni’s correction. † p-value according to repeated
measure analysis of variance.
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Table 3. Changes in assessment scores for the affected upper extremity in the experimental and
control groups.

Variables
T1-T0 T2-T1

Experimental Control p-Value Experimental Control p-Value

UFMA, total 13.50 (7.49) 8.00 (4.44) 0.014 * 3.90 (2.55) 4.19 (3.71) 0.488
UFMA, subscore

Shoulder/Elbow/Forearm 5.20 (3.22) 4.13 (2.75) 0.297 1.65 (1.79) 0.81 (1.91) 0.362
Wrist 3.35 (2.25) 1.38 (1.36) 0.024 * 0.20 (1.15) 1.75 (1.44) 0.001 **
Hand 4.60 (3.68) 2.13 (1.86) 0.043 * 1.10 (1.33) 1.13 (1.09) 0.716

Coordination/Speed 1.40 (1.14) 0.69 (0.79) 0.048 * 0.55 (0.69) 0.50 (0.89) 0.587
JTT, total 21.10 (20.84) 5.63 (5.06) 0.012 * 7.80 (6.21) 4.13 (3.84) 0.073

JTT, subscore
Writing 4.45 (5.06) 2.56 (3.24) 0.374 1.35 (1.53) 1.00 (1.10) 0.519

Simulated page turning 1.45 (1.85) 0.44 (0.51) 0.083 1.05 (1.36) 0.31 (0.60) 0.075
Picking up small objects 2.80 (3.16) 0.50 (1.10) 0.004 ** 1.20 (1.15) 0.50 (0.73) 0.044 *

Simulated feeding 4.00 (4.12) 0.63 (1.26) 0.003 ** 1.50 (1.82) 0.56 (1.21) 0.067
Stacking checkers 3.85 (4.04) 0.63 (1.50) 0.001 ** 1.00 (1.81) 0.63 (0.96) 0.647

Picking up large light
objects 2.55 (2.72) 0.44 (0.51) 0.004 ** 0.90 (1.33) 0.50 (0.73) 0.451

Picking up large heavy
objects 2.00 (2.68) 0.44 (0.51) 0.041 * 0.80 (1.32) 0.63 (1.15) 0.713

All values are presented as mean (SD). T0: before the intervention; T1: immediately after the intervention; T2:
four weeks after the intervention; UFMA: Fugl-Meyer assessment of upper extremity; JTT: Jebsen-Taylor hand
function test. * p < 0.05, ** p < 0.01 for between-group comparisons by independent t-test or Mann-Whitney U test
as appropriate.

3.3. Secondary Outcome Results

fNIRS data were gathered from 11 consenting participants (eight experimental and
three control). One patient from the experimental group was excluded from the final
analysis because of background noise. In total, seven participants from the experimental
group and three from the control group were included for analysis. Statistical parametric
mapping revealed t-statistic maps for ΔOxyHb concentration during wrist and hand
movement.

Immediately after the intervention (T1), ΔOxyHb concentration in the affected SMC
was greater in the experimental group than the control group during affected wrist
movement (median values; Experimental group, 0.7943 × 10−4 μmol/L; Control group,
−0.3269 × 10−4 μmol/L; p = 0.025) (Figure 4). On the other hand, ΔOxyHb values showed
no significant differences in any cortical area during finger movement or in the unaffected
SMC, bilateral PMC, or SMA during wrist movement (Supplementary Table S3).
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Figure 4. The results of group analysis of oxygenated hemoglobin in experimental and control groups
during affected wrist movement. (A) Group-average activation map of OxyHb. (B) Changes in
oxygenated hemoglobin concentration (ΔOxyHb) in the affected primary sensorimotor cortex at T1.
(C) fNIRS channel montage and affected cortical areas. T0: before the intervention; T1: immediately
after the intervention; OxyHb: oxygenated hemoglobin; SMC: primary sensorimotor cortex; PMC:
premotor cortex; SMA: supplementary motor area. * p < 0.01 for between-group comparison (Mann-
Whitney U test).

4. Discussion

The current study was conducted to examine the effects of neurorehabilitation with
the RAPAEL® Smart Glove digital system on upper extremity motor function in subacute
stroke patients. The findings from this study suggest that convergent VR training with
the RAPAEL® Smart Glove digital system combined with conventional OT has some key
benefits in terms of upper extremity neurorehabilitation compared with conventional
OT only. The game contents used in this study were closely related to ADLs and might
provide a positive effect not only on motor function, but also on ADL performance. More
importantly, recovery in upper extremity motor function and ADLs was maintained for
four weeks after the intervention.

It is well known that activation of the contralesional hemisphere could be an obstacle
for motor recovery of the affected hand in the early or subacute stage of stroke [34,35]. On
the other hand, activation of the ipsilesional hemisphere is a main therapeutic strategy
for motor recovery. Successful rehabilitation and neurostimulation have been shown to
increase ipsilesional cortical activation [36]. In other words, suppressing cortical activity of
the unaffected areas and facilitating cortical activity of the affected areas are key for motor
recovery after stroke. In this study, fNIRS data of sub-samples of the study population
showed that game-based VR training with the RAPAEL® Smart Glove digital system
can possibly increase hemodynamic changes of the affected SMC. Although this is weak
evidence because of the limited participants, the results suggest that game-based VR
training can induce positive cortical hemodynamic changes in subacute stroke patients.
This finding must be verified in a larger study population.
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In general, cortical changes result from changes in behavioral patterns, an important
finding in neurorehabilitation [37]. Intensive rehabilitation training in subacute stroke
patients induced changes in cortical sensorimotor maps and maximized improvement
in motor function [38]. A previous functional magnetic resonance imaging (fMRI) study
reported that activation of the affected SMC was significantly increased in a virtual envi-
ronment [39]. VR stimulation also induced differences in connectivity of brain cortices in
healthy participants [40]. A recent review article introduced several studies using VR for
upper limb rehabilitation in stroke patients, since it is a promising tool for encouraging
active engagement of participants to lead to good outcomes [41]. However, one study
showed only low to moderate results of VR techniques in subacute stroke patients [42].
Our results indicate not only positive effects of the RAPAEL® Smart Glove digital system
on upper limb function, but also possible evidence for underlying cortical hemodynamic
changes detected by fNIRS.

In a previous study, robot-assisted therapy showed a comparable effect to conventional
therapy, while VR showed no superiority to conventional therapy when provided alone [42].
However, both new techniques showed significantly better functional improvement when
they were added to conventional therapy [18,42,43]. The RAPAEL® Smart Glove digital
system collects haptic data from a human body and provides real-time ROM information.
The intervention protocol of this study was a combined therapy of a smart glove with VR
and conventional occupational therapy which provides evidence of the usefulness of such
combination therapy protocol.

In rehabilitation, patient motivation and convenience are important in achieving a
positive clinical outcome [44]. User-friendly equipment will foster patient use. A smart
glove has the advantages of convenience, light weight, availability for haptic stimulation,
and remote control. A smart glove can be used in an unsupervised environment such
as the home to allow telerehabilitation [45].The RAPAEL® Smart Glove digital system is
wearable, lightweight, and flexible for hand movement [19]. None of the participants in
this study who completed 20 training sessions with the RAPAEL® Smart Glove digital
system experienced adverse events. This result indicates that this system does not pose
a risk or cause discomfort to patients, while increasing their motivation. Therefore, the
RAPAEL® Smart Glove digital system has a potential to be applied safely both in and out
of the clinic.

This study had some limitations. First, the number of participants used in analysis was
relatively small. Although we allocated enough participants after sample size calculation,
PP analysis was performed for a smaller number of patients due to drop-out (Figure 1).
Second, fNIRS analyses were performed in a small number of participants, contributing to
a low statistical power of cortical hemodynamic results. The numbers in the experimen-
tal and control groups showed discrepancies and did not follow a normal distribution.
Therefore, caution is needed when generalizing these results to all subacute stroke patients.
Nevertheless, our study has the advantage of real-time biosignal measurements of cortical
hemodynamic changes, which provides a clue for further investigation of brain activity
related through VR devices. Future research should confirm the neuroplastic effect of the
RAPAEL® Smart Glove digital system in a sufficient number of participants. The usability
of the VR-based smart glove for home-based rehabilitation also needs to be examined to
expand its usefulness for upper extremity dysfunction in stroke patients.

5. Conclusions

This study demonstrated a beneficial effect of combined game-based VR training with
the RAPAEL® Smart Glove digital system with conventional OT on upper extremity motor
function in subacute stroke patients. In addition, the VR-based smart glove combined
with conventional rehabilitation showed a possibility of increasing cortical hemodynamic
changes in the affected SMC of these patients.
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Abstract: We explored hand ownership in teenagers with unilateral cerebral palsy (UCP) compared
with typically developing teenagers. Eighteen participants with UCP and 16 control teenagers
participated. We used the rubber hand illusion to test hand ownership (HO). Both affected/non-
affected hands (UCP) and dominant/non-dominant hands (controls) were tested during synchronous
and asynchronous strokes. HO was assessed by measuring the proprioceptive drift toward the fake
hand (as a percentage of arm length) and conducting a questionnaire on subjective HO. Both groups
had significantly higher proprioceptive drift in the synchronous stroking condition for both hands.
Teenagers with UCP showed a significantly higher proprioceptive drift when comparing their paretic
hand (median 3.4% arm length) with the non-dominant hand of the controls (median 1.7% arm
length). The questionnaires showed that synchronous versus asynchronous stroking generated a
robust change in subjective HO in the control teenagers, but not in the teenagers with UCP. Teenagers
with UCP have an altered sense of HO and a distorted subjective experience of HO that may arise
from the early dysfunction of complex sensory–motor integration related to their brain lesions. HO
may influence motor impairment and prove to be a target for early intervention.

Keywords: cerebral palsy; hemiplegia; teenager; body ownership; rubber hand illusion; propriocep-
tive drift

1. Introduction

In children with unilateral cerebral palsy (UCP), the use of the affected hand in daily
life, referred to as performance, is often below its use in a clinical environment, referred
to as capacity [1,2]. This underuse is associated with developmental disregard [3] and
is hypothesised to be due to the disproportional amount of attention required to use the
affected limb in daily life [4]. Anecdotally, children with UCP report experiences that hint
at potential issues with hand ownership (HO), described with phrases such as “I forget
my hand” or “It’s as if my hand wasn’t there”. Appropriate HO is a prerequisite for the
production of adapted voluntary movements [5]. Alterations in HO may impair affected
hand use in UCP.

Body ownership relies on the spatial and temporal binding between perceptual events
and is grounded in the brain’s ability to integrate multiple sources of sensory informa-
tion [6]. The importance of visual–tactile integration in establishing HO is evidenced in the
rubber hand illusion (RHI) [7], in which multisensory conflicts induce the self-attribution of
a rubber hand. Viewing someone stroking a rubber hand (seen, not felt) while the viewer’s
own hand, which is occluded from view, is being stroked synchronously (felt, not seen)
induces a sense of ownership for the rubber hand, with the illusion of feeling the strokes
being applied to it [8]. The viewer’s own hand is perceived in a position displaced towards
the fake hand, a phenomenon named proprioceptive drift (PD). Illusory ownership and
PD decrease or disappear when strokes are applied asynchronously to the rubber and real
hands [9].
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Illusory ownership can be induced in healthy adults [7] and typically developing
(TD) children. Applying the RHI in children demonstrated that the multisensory processes
underlying body representations are different in children aged 4 to 9 years compared with
adults [10]. For HO, these younger children rely more strongly on the sight of their hands
and less on their proprioception than adults. A further study in 10- to 13-year-olds [11]
showed that pointing responses reached adult levels at 10 to 11 years, showing that, from
this age, children integrate their hands by using an adult-like balance of sensory cues.

Adults with unilateral stroke seem to have a looser sense of HO and experience
stronger illusory effects on the affected hand [12]. The effects of early brain anomalies on
the development of HO are unknown. It is likely that the early damage to the motor and
sensory cortex and pathways typically encountered in UCP disrupts the development of
HO, which is important for both hand integration and motor function; however, to this
date, body ownership has not been explored in cerebral palsy. In this study, we aimed to
explore HO in teenagers with UCP compared with TD controls, questioning whether hand
ownership is altered in UCP. We hypothesised that RHI could be induced in both groups,
and that the RHI would have stronger effects on the affected hand in youngsters with UCP.

2. Materials and Methods

2.1. Study Design and Setting

This pilot case–control study was approved by the regional ethics committee (CER-VD
decision 2017-0208) and was conducted between July 2018 and July 2019 at Lausanne
University Hospital (CHUV), Switzerland.

2.2. Participants

We aimed to include a minimal convenience sample of 15 participants in each group
(UCP and TD), in line with previous studies on the RHI [13]. Youngsters aged 10–20 years
old were included in the study, based on the previous study on TD children who were
shown to reach an adult perception of the bodily self by 10 years [11].

Participants with UCP were recruited from the paediatric neurorehabilitation clinic
of Lausanne University Hospital. The inclusion criteria were: (i) UCP diagnosed by a
paediatric neurologist, (ii) age 10 to 20 years, (iii) hand use classified as Manual Ability
Classification System (MACS) level I-III, and (iv) ability to hold each hand, palm down, on
a table.

We recruited controls among the acquaintances of the study participants and children
of Lausanne University Hospital’s paediatric department’s collaborators. The inclusion
criteria for TD controls were: (i) age 10 to 20 years, (ii) no known history of brain lesions or
disorders, and (iii) no known sensory and/or motor impairment of the upper extremities.

The exclusion criteria for all participants were: (i) surgery at the trunk or upper limb
level within the last six months before inclusion in the study; (ii) botulinum toxin injections
in the upper limbs within the three months before inclusion in the study; (iii) any clinically
significant disease (e.g., renal failure, hepatic dysfunction, and cardiovascular disease); (iv)
known or suspected non-compliance; (v) inability to follow the procedures of the study,
for example, due to language problems or behavioural issues; (vi) cognitive age estimated
below 10 years; and (vii) severe visual impairments, including hemianopsia.

The TD controls had one test session during which the RHI experiment was conducted,
and participants with UCP had an additional session to assess secondary outcomes. Written
informed consent was obtained from participants older than 14 years and from their legal
guardians if they were younger than 18 years.

2.3. Procedure

The RHI experiment followed the protocol established by Cowie et al. [11]. We
used distances relative to the participant’s arm length for the setup (Figure 1) and the
measurement of PD. To account for different hand appearances, we selected, from three
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pairs of fake hands (silicon prosthetics), the one most resembling the participant’s hand:
adult female, adult male, and child (Ortho Kern SA, Lausanne, Switzerland).

  

(a) (b) 

Figure 1. Rubber hand illusion experimental setup. (a) Stimulation phase: during the stroking with a
paintbrush, the participant sees a rubber hand while their real hand (here, the right hand) is hidden.
(b) Measurement condition. Both the real and the rubber hands are hidden. The participant indicates
where he feels the index finger of his (in this case, right) hand by instructing the experimenter to
move the cursor to the right or to the left.

To induce the RHI illusion, the experimenter stroked the visible fake hand and the
hidden real hand of the participant with two identical paint brushes in two different
stroking conditions (synchronously and asynchronously).

The affected hand (UCP) or the non-dominant hand (TD) was tested first, and the two
stroking conditions were applied randomly. For each side and condition, the experiment
consisted of four baseline measures with the fake and real hands hidden in the box, followed
by a stimulation phase (2 min) and four post-stimulation phases (each 20 s), where the
fake hand was visible while the real hand was hidden in the box. After each baseline,
stimulation, and post-stimulation phase, both hands were hidden for the PD measurement.

2.4. Outcome Measures

We measured PD as a primary outcome to quantify the RHI. To avoid visual cues (e.g.,
the midline of the box), a black sheet of paper was placed over it before each measurement.
The experimenter then moved a cursor (Figure 1) along the box following the participant’s
instruction of “left” or “right” until the participant felt confident that the ruler indicated
the position of their index finger. The distance of the indicated position from the midline
was measured in millimetres.

The PD was normalised to arm length and calculated as follows:

PD =

(
∑ BLi

4

)
− Stim + ∑ Posti

5

L
∗ 100

in which BL is the baseline measure, Stim is the stimulation phase, Post is the post-
stimulation phase, L is the arm length of the participant, and i is the number of mea-
surements.
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The subjective sense of ownership of the rubber hand was assessed as a secondary
outcome with a 6-statement questionnaire adapted from Botvinick and Cohen [9] and
Burin et al. [12]. Three statements explored the predicted phenomena: (i) I felt the touch of
the paintbrush where I saw the rubber hand was touched; (ii) It seemed as if the touch I
felt was caused by the paintbrush touching the rubber hand; and (iii) It felt as if the rubber
hand was my hand. The three control statements with no expected effect were: (i) I felt my
hand drifting towards the rubber hand; (ii) It seemed as if the touch I was feeling came
from somewhere between my own hand and the rubber hand; (iii) It felt as if my real hand
was turning rubbery. Participants responded on a 7-point Likert scale with the following
coding: no, definitely not (−3); no (−2); no, not really (−1); neither yes nor no (0); yes, a
little (1); yes, a lot (2); and yes, really a lot (3).

We measured the motor function and capacity, as well as sensory functioning, of
participants with UCP as potential co-factors of HO. For this purpose, we used the second
version of the Melbourne Assessment of Unilateral Upper Limb Function (MA2), the
Assisting Hand Assessment (AHA), 2-point discrimination, and a joint-position sense test.

The MA2 and AHA were both video recorded with video-based scorings. The MA2 is
a valid and reliable measure of upper limb function in children with central motor disor-
ders [14]. Sub-scores on a scale from 0–100 are provided for the range of motion, dexterity,
fluency, and accuracy. The AHA measures the spontaneous use of the more-affected hand
during bimanual activities. The 22 items describe actions under the following sub-headings:
general use, arm use, grasp and release, fine motor adjustments, coordination, and pace.
We used two versions of the AHA: the kids-AHA [15] for participants under 12 years old,
and the Ad-AHA [16] for adolescents aged 13 years or older.

We measured sensory function according to the protocol described by Cooper et al. [17].
Static 2-point discrimination was measured with an aesthesiometer (Baseline, Fabrication
Enterprise Inc., White Plains, NY, USA) on the palmar side of the distal phalanx of both
index fingers with pressure to the point of skin blanching. The minimal distance of the two
pressure points that the patient actually perceived (with eyes closed) as two distinct points
was recorded. To measure joint position sense, a component of proprioception, the tester
fixed the proximal and middle phalanges, held the patient’s distal phalanges of the index
finger, and moved the latter up and down passively. The patient had to detect the direction
of movement (up/down) with their eyes closed, and the correct answers out of five trials
were recorded.

2.5. Statistical Analyses

Due to the small sample size, non-parametric tests were used. We compared the
synchronous and asynchronous stroking conditions using the Wilcoxon Signed Ranks Test
for both hands of both groups separately. Subsequently, we performed a Mann–Whitney
test to compare the PD of the participants with UCP’s affected hand with the controls’
non-dominant hand and of the participants with UCP’s non-affected hand with the controls’
dominant hand for the synchronous stroking condition.

Spearman correlations were calculated to investigate associations between the differ-
ence in perceived hand position (i.e., PD) after the synchronous stroking of the affected
hand with clinical co-factors.

Statistical analyses were performed with SPSS 26 (IBM, Armonk, NY, USA). Alpha
was set at 0.05, and Bonferroni corrections were applied where necessary.

3. Results

Eighteen participants with UCP (mean age: 13 y 10 m; SD 2 y 10 m, six females) and
sixteen TD controls (age 14 y 1 m; SD: 3 y 0 m, 6 females) were included. Half (nine) of the
participants with UCP had right-sided hemiparesis, half had left-sided hemiparesis, and
nine participants were at MACS level I, five at MACS level II, and four at MACS level III.
None had previously participated in an RHI study.
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The difference in PD between the synchronous and asynchronous conditions was
significant in both groups and for both hands (Figure 2).

Figure 2. Proprioceptive drift in teenagers with unilateral cerebral palsy and typically developing
teenagers. A positive value of proprioceptive drift indicates a drift of the felt index finger location
towards the rubber hand, while a negative value shows a drift away from the rubber hand. Significant
differences are indicated as follows: * p < 0.05, and ** p < 0.01.

For group analyses of the PD after the synchronous stroking condition, we found a
significant difference between the affected hand of participants with UCP and the non-
dominant hand of TD participants (median PD of affected hands: 3.4% arm length; median
PD of non-dominant hands: 1.7% arm length; the distributions in the two groups differed
significantly, Mann–Whitney U = 201, n1 = 18, n2 = 16, p = 0.049 two-tailed). However,
no difference was observed between the unaffected and dominant hands (median PD of
unaffected hands: 3.5% arm length; median PD of dominant hands: 2.0% arm length; the
distributions in the two groups differed significantly, Mann–Whitney U = 189, n1 = 18,
n2 = 16, p = 0.121, two-tailed).

The HO questions showed that the controls had a significantly higher subjective
experience of HO over the fake hand after the synchronous stroking condition of their
non-dominant hand (3/3 statements), whereas no effect was found for the control questions
(0/3 statements). In children with CP, the results for the subjective experience of HO were
inconsistent for the questions regarding their affected hand (Figure 3).

The results of the clinical co-factors are displayed in Table 1. There were no significant
correlations between the clinical co-factors and PD.
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Figure 3. Subjective ratings of hand ownership in teenagers with unilateral cerebral palsy and
typically developing teenagers. Responses to statements on subjective body ownership were given
on a 7-point Likert scale ranging from “do completely agree” +3 to “do not agree at all” −3, where
0 corresponded to neither agreeing nor disagreeing. Greyed areas indicate control statements.
Significant differences are indicated as follows: * p < 0.05, and ** p < 0.01.

Table 1. Clinical measures of motor and sensory function and correlations with proprioceptive drift
of the affected hand in teenagers with unilateral cerebral palsy.

Melbourne Assessment 2

AHA_Score
(%)

RoM (%)
Precision

(%)
Dexterity

(%)
Fluidity

(%)
TPD
(mm)

JPS (N)

P
ro

p
ri

o
ce

p
ti

v
e

D
ri

ft

(s
yn

ch
ro

no
us

st
ro

ki
ng

)

Mean (SD) 69.7 (22.0) 77.6 (23.5) 90.4 (16.2) 71.6 (24.2) 71.9 (25.5) 1.5 (2.6) 4.3 (0.8)

Correlation
Coefficient

−0.011 −0.227 −0.339 −0.094 −0.142 −0.007 −0.236

p 0.964 0.364 0.169 0.712 0.573 0.978 0.345
N 18 18 18 18 18 16 18

Abbreviations: AHA, Assisting hand assessment; RoM, Range of motion; TPD, Two-point discrimination; JPS,
joint position sense; p, p-value; N, number.

4. Discussion

Teenagers with UCP were responsive to the RHI, whereas, for TD teenagers, the RHI
effects were dependent on the synchronicity of the stroking. The effects of the RHI on
teenagers with UCP demonstrated that they had an altered sense of ownership of their
paretic hands. The RHI experiment generated a significantly higher PD of their paretic hand
towards the rubber hand than for the non-dominant hand in TD controls. Synchronous
versus asynchronous stroking generated a robust change in subjective hand ownership in
TD teenagers, but not in teenagers with UCP.

In TD children, the perceived hand position, which requires implicit hand ownership,
seems to mature during late childhood. In a study that applied the RHI to children,
Cowie et al. [10] showed that, during the first decade, children had consistently higher
levels of PD than during the second decade, when PD approached adult levels. This was in
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contrast to the explicit hand ownership (the phenomenological experience in which the
ownership of the hand is experienced consciously) that was measured through questions
on the subjective experience of ownership, which is present from early childhood and
demonstrates no significant development between 4 years of age and adulthood. This
developmental trajectory of hand ownership was attributed to an early reliance on visual–
tactile integration to develop a perception of bodily layout and propriety, followed by later
developing visual–proprioceptive processes to consolidate the perception and ownership
of body parts [10].

In teenagers with UCP, both processes seem to be disrupted. The persistence of a sig-
nificantly higher PD for the paretic hand throughout the teenage years into adulthood most
likely demonstrates a prolonged reliance on visual input to contribute to hand ownership,
with a potential failure in the expected maturation of visual–proprioceptive processes. In
contrast, subjective ownership was distorted in teenagers with UCP compared with TD
teenagers, with an atypical pattern of responses to the questionnaire. Among the statements
that were devised to detect illusory ownership, there was a clear dissociation between the
positive response to the sensory illusion (“I felt the touch of the paintbrush where I saw the
rubber hand was touched”) and the negative response to the ownership illusion (“It felt as
if the rubber hand was my hand”). This contrasts with findings in adults after stroke, who
experience a change in the belief of ownership over the rubber hand [12], pointing towards
a specific influence of early injury in the maldevelopment of subjective body ownership.
For the statements with no expected effect, teenagers with UCP were more likely to report
that they felt their hand drifting towards the rubber hand, and that they felt their real hand
turning rubbery.

The complex construct of subjective hand and bodily ownership relies on the interplay
of brain areas, including the fronto-parietal network and temporo-parietal junction, as
demonstrated by functional MRI [18–21] and transcranial magnetic stimulation [22] ex-
periments conducted during the RHI. Early anomalies in frontal, fronto-parietal, or larger
brain areas, which are implicated in sensory–motor processing and are classically affected
in cerebral palsy, may limit these children’s ability to develop a typical sense of body
ownership for their affected body parts, as demonstrated in our findings regarding the
paretic hand of teenagers with UCP.

The effects of atypical HO on the development of hand motor skills in children with
UCP and, conversely, the effects of manual motor impairment on the development of
HO remain to be determined. We were unable to demonstrate any association between
impairment in HO, as measured by PD, and measures of motor or sensory function.
Voluntary movements have been suggested as important in supporting proper multisensory
integration and, therefore, for subjective body ownership [12,23]. In adults with paresis, the
decrease in the number of movement-related signals, which disrupts the normal integration
of afferent and efferent signals for the arm, weakens body ownership. However, there is
also evidence that atypical body ownership can lead to motor difficulties. A small case
series of adults with right brain damage and hemiplegia, affected by an atypical form of
hemisomatoagnosia, revealed that the pathological self-attribution of an alien hand directly
affected the patients’ motor programme by modifying motor awareness, sense of agency,
and action execution [24]. Hence, distorted HO due to early brain damage might hinder
optimal motor development and performance in people with CP.

Could HO become a target for therapy? Mirror therapy is an approach based on the
manipulation of hand ownership [25]. In mirror therapy, patients look at the reflection of
their non-impaired upper limbs on a mirror placed at their midlines while they perform
symmetrical upper-limb movements. The reflection generates the multisensory illusion
that the paretic hand is functioning normally through a self-attribution of the reflection in
the mirror, that is, the mirror illusion. Interestingly, mirror therapy has failed to exhibit
the same efficacy in children with UCP [25] compared with adults after stroke [26]. While
adults have a life of experienced HO before their stroke that may underpin the response
to mirror therapy, it is possible that children with UCP who have developed from early
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life with atypical HO may not be as responsive to the mirror illusion and therapy. This
hypothesis is supported by recent research suggesting that cross-modal visuo-tactile inte-
gration is dependent on body ownership [27]. Therefore, the effectiveness of cross-modal
rehabilitative interventions might depend on the integrity of the patients’ body ownership.
The process of body ownership develops from infancy [28] and has already been strongly
established based on visual–tactile integration by early childhood [10]. Therefore, early
sensorimotor intervention, specifically geared at supporting multisensory integration as
related to hand movement and agency, may support a more typical development of HO,
thus supporting future hand function. Such an intervention could focus on driving the
child’s visual, tactile, and proprioceptive attention towards the affected hand, for example,
by the activation of luminous and vibratory cues synchronised with guided or voluntary
hand movement.

Our sample size may have underpowered our detection of potential differences be-
tween groups. Specifically, Figure 2 hints that PD for the non-paretic hand of teenagers with
UCP may be higher than that for the dominant hand of TD teenagers. Despite not attaining
statistical significance, this could be a sign of a more diffuse issue in the development of
body ownership beyond the paretic body parts. Our sample size could have restricted
our ability to demonstrate meaningful associations between body ownership and motor
or sensory functions. Studies with larger sample sizes, a prospective observation of the
development of HO throughout childhood, and the integration of additional co-factors,
including brain imaging, are necessary to further define the extent and likely variability of
HO issues in UCP, as well as their neurobiological underpinnings.

In conclusion, teenagers with UCP have an altered sense of HO with an excessive
reliance on visual input, evocative of an abnormal maturation of visual–proprioceptive
processes, and a distorted subjective and explicit experience of HO that most probably stems
from the early dysfunction of complex sensory–motor integration related to their brain
lesions. Abnormal HO most likely interacts with motor impairment and may prove a target
for early sensorimotor intervention to improve the development of HO and, ultimately,
hand function.
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Abstract: Background: Children with ataxia experience balance and movement coordination dif-
ficulties and needs intensive physical intervention to maintain functional abilities and counteract
the disorder. Exergaming represents a valuable strategy to provide engaging physical intervention
to children with ataxia, sustaining their motivation to perform the intervention. This paper aims
to describe the effect of a home-conducted exergame-based exercise training for upper body move-
ments control of children with ataxia on their ataxic symptoms, walking ability, and hand dexterity.
Methods: Eighteen children with ataxia were randomly divided into intervention and control groups.
Participants in the intervention group were asked to follow a 12-week motor activity program at
home using the Niurion® exergame. Blind assessments of participants’ ataxic symptoms, dominant
and non-dominant hand dexterity, and walking ability were conducted. Results: On average, the
participants performed the intervention for 61.5% of the expected time. At the end of the training,
participants in the intervention group showed improved hand dexterity that worsened in the control
group. Conclusion: The presented exergame enhanced the participants’ hand dexterity. However,
there is a need for exergames capable of maintaining a high level of players’ motivation in playing. It
is advisable to plan a mixed intervention to take care of the multiple aspects of the disorder.

Keywords: ataxia; exergaming; telerehabilitation; hand dexterity; treatment adherence and compliance

1. Introduction

Ataxia refers to a group of motor disorders associated with the cerebellum or its
afferent and efferent projections dysfunction or damage [1]. People with ataxia experience
a lack of balance and movement coordination that leads to difficulties in walking and
standing, poor limbs and fine hand function control, muscle tone alterations, dysarthria,
and altered ocular motor function [2,3]. Children with ataxia show similar sensorimotor
impairment as adults [4]. A recent literature review estimated a prevalence of 26/100,000
different forms of ataxia in European children [5]. The impairments derived from ataxia
are especially debilitating during childhood as motor development, and learning processes
are still ongoing [4]. Moreover, age is likely to affect engagement and compliance with the
chosen intervention modality and may impact the targeting and timing of rehabilitation
efforts. Children have different information-processing capacities compared to adults and
respond differently to motor learning and skill-acquisition paradigms, suggesting children
may require more exercise practice time before learning is consolidated [6].
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As no effective curative treatments are available, exercise and physical therapy rep-
resent the core interventions available to these children [7,8]. Physical treatment should
start as soon as the diagnosis of ataxia is given, even if only mild symptoms are present. Al-
though the effectiveness of physical therapy intervention for children with ataxia is still not
established [9,10], the therapeutic scenario might rapidly change because of the upcoming
disease-modifying treatments or other symptomatic and rehabilitative interventions [9–14].
Moreover, a growing body of literature emerged in the last decade regarding exergames
usage to provide physical therapy interventions to young patients with ataxia. The term ex-
ergame refers to digital games that require bodily movements to play, stimulating an active
gaming experience to function as a form of physical activity [15–17]. Ilg and colleagues used
three Microsoft Xbox Kinect (MXK) videogames to improve the balance and gait quality of
six children and four adults with several types of progressive spinocerebellar ataxia [18].
Similarly, Schatton et al. reported the use of Nintendo Wii and MXK games to increase the
body balance of six children and four adults with different types of ataxia [19]. Both studies
reported a reduction in the participants’ ataxia symptoms, particularly related to gait and
balance. Despite these preliminary positive results, the efficacy of exergame providing
physical therapy to children with ataxia was, to date, only mildly tested. Moreover, the
available studies focused on balance and gait, overlooking other key ataxia symptoms such
as upper-limb function. A recent literature review [9] identified a sole case study proposing
an elbow movements dexterity training for a 5-year old girl who had undergone surgical
resection of a cerebellar tumor [20]. The patient was asked to track the movements of a
pseudo-random target on a computer screen using elbow joint flexion and extension for
two weeks, 10 min a day. The authors described an improvement in the participant’s elbow
and hand movement dexterity.

Exergames hold the potential to support the motivation of children with ataxia to
perform therapeutic activities in an intensive way and in a meaningful context that was
found fundamental to achieve improvements in ataxia symptoms [8,21].

This paper aims to describe the effect of a home-conducted exergame-based exercise
training for upper body movements control of children with ataxia on their hand dexterity,
ataxic symptoms, and walking ability.

2. Materials and Methods

2.1. Ethical Issues

The study was conducted according to the ethical principles of the Helsinki Declaration
and local regulations. All details relating to the study procedure were discussed with the
candidates’ parents, and an informed consent document was signed for all participants.
Enrolment was voluntary, with participants not receiving any incentives, financial or
otherwise, for participation. The Ethical Committee of the Bambino Gesù Children’s
Hospital approved the study.

2.2. Participants

Eighteen children and adolescents (mean age: 11.6 ± 3.5 years; age range: 5.1–17.2 years)
were enrolled in this study. The inclusion criteria for this study were the presence of a
confirmed diagnosis of ataxia and the absence of any signs of inflammatory, vascular mal-
formation, or tumor central nervous system disease. During the recruitment phase, all
participants underwent a specialist medical examination that assessed their cognitive and
motor aspects to ensure that they could carry out the tests provided in the study protocol.
Patients presenting with intellectual disabilities were excluded from the current investigation.
All the candidates met the inclusion criteria. Participants’ age, sex, and ataxia characteristics
are presented in Table 1. Two participants (11.1%) were diagnosed with non-genetic ataxia.
All participants followed an individual physical therapy treatment for one 45-min session
per week. These interventions concerned the development of activities aimed at improving
the control of gross and fine motor movements, balance in sitting, standing, and walking,
and dexterity in skills related to the activity of daily living (ADL).
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2.3. Procedure

All participants’ informed consents for participation were collected from their par-
ents at the recruitment. Before starting the intervention (T0), all participants’ outcome
measures were collected by two independent assessors with previous experience in the
rehabilitation of people with ataxia. After the evaluation, the participants were randomly
and consecutively assigned to the Intervention Group (IG) and Control Group (CG). The as-
sessors did not know which group the participants were assigned at any study stage. Then,
participants in the IG were given the exergame for upper body rehabilitation (Niurion®

kit—P2R, Bergamo, Italy). This inertial measurement unit (IMU) based rehabilitation device
comprises five IMUs, a data receiver connected with a computer, an adherent shirt, and
the software itself. The exergame included eight specific exercises aimed at improving
the trunk and upper limbs movements control and muscle strength. Specific activities
performed during each exercise were the following: elbows flexion, shoulders abduction at
90◦ and 180◦, shoulders flexion at 90◦ and 180◦, target reaching with the hand and arm in
the ipsilateral and contralateral space, and anteroposterior trunk oscillation. Participants
were asked to wear an adherent shirt and insert the IMUs in their designed pocket on the
shirt (see Figure 1).

 

Figure 1. Visual description of IMU sensors (marked with asterisks) placement in the Niurion® shirt.

Then, a calibration occurs, and an avatar reproducing the upper body movements
of the participant was constructed by the software, and the exercises began. During each
exercise, the participant stood in front of the screen and saw the avatar moving accordingly
with his movements in the virtual space (see Figure 2).

 

Figure 2. Example of shoulder 180◦ abduction exercise execution with related avatar movement.
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Each exercise was performed in a different virtual space. The participant had to move
his arms or body to interact with the environment and complete the game. The software was
designed to recognize the trunk, the arm, and forearm movements allowing the interaction
with the targets in the virtual environment. Moreover, the in-built algorithm of the software
provides a real-time adaptation of the difficulty of the proposed tasks to avoid frustration
due to continuous failures or motivation falling due to carrying out activities that are too
simple for the subject. Each exercise lasted for seven minutes, and a 30 s recovery time was
provided between the exercises (duration of the entire session: ~1 h). Each subject in the
IG participated in two individual training sessions to be taught to use the system correctly.
Participants’ parents also participate in these meetings to better comprehend the system’s
functioning. At the end of the second training session, participants in the IG were asked to
start the intervention at their home, performing the entire session (all the eight exercises)
five days a week for 12 weeks (total of 60 sessions for each exercise). The time spent by
each participant in the IG in the activities foreseen by the treatment was collected by the
Niurion® software (version 1.2.0, P2R, Italy) and analyzed to establish the participant’s
adherence to the proposed intervention. Meanwhile, participants in the CG continued with
the same therapeutic regimen conducted at a rehabilitation facility with their reference
physiotherapist, without any change. None of the subjects in the IG changed their regimen
of physical therapy sessions during the intervention period. Therefore, each participant
received 12 physical therapy sessions within the duration of the current intervention.

At the end of the intervention (T1), the outcome measures were collected again for all
participants, and obtained data were analyzed. Each participant’s number of therapeutic
sessions was collected from their reference therapists at the end of the protocol.

2.4. Outcome Measure

The 9-Hole Peg Test (9HPT) was administered to obtain a timed measure of the
participants’ pre- and post-intervention finger dexterity. This commonly used test requires
placing and removing nine pegs in a pegboard as quickly as possible. The total time
(seconds) to complete the task was recorded for both the dominant and non-dominant
hands three times, and the mean of the three tests for each hand was calculated. This test
has established intra- and inter-rater and test–retest reliability and normative reference
values [22–25].

The Scale for the Assessment and Rating of Ataxia (SARA) was used to describe the
ataxia severity level. Higher values reflect higher disease severity. This is a reliable and valid
clinical scale measuring the severity of ataxia to be used in all cerebellar disorders [26–28].
SARA is “recommended” to assess cerebellar symptoms of different types of ataxia. It
has been utilized by research groups other than the developer [3,29–32], and adequate
psychometric proprieties support its use [33].

The Timed 25-Foot Walk test (T25FW) was used to assess the impact of the treatment
on the participants’ global mobility ability. The test required the participant to walk a
25-foot-long path as fast as possible. The test was performed twice. The time (seconds)
to complete the path was recorded for each trial, and the mean score was then calculated.
The T25FW was found highly representative of mobility function and disability stage in
patients with Friedreich ataxia [34,35].

2.5. Statistical Analysis

Due to the small sample size, the non-parametric statistic was used to analyze the
collected data. The Mann–Whitney U test was first used to evaluate the comparability of
participants’ age, sex, and the pre-intervention outcome measures scores among the IC
and GC groups. The same test was conducted at the end of the intervention to compare
the outcome measures variations between participants in the two groups. A delta was
calculated with the difference between the scores obtained by each participant at T1 and T0
(Δ = T1 − T0) to obtain the outcome measures variations. The Wilcoxon Signed-Rank test
was used to evaluate the variation that occurred in the outcome measures of participants of
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each group separately. The threshold for significance for the analyses above was assumed
to be α = 0.05. No correction was applied for multiple comparisons [36].

3. Results

No difference was found between IG and CG when comparing the participants’ sex,
age, and outcome measures scores at T0, proving the comparability of the two groups.

All the participants in the IG completed the protocol. The average adherence of each
exercise is presented in Table 2. The average adherence was slightly varied among the
exercises (range: 53.3–66.1%). All participants attended all the physical therapy sessions
planned during the protocol (12 sessions). Individual participants’ adherence data and
related descriptive statistics are available as Supplementary Material (Table S1).

Table 2. Average adherence for each exercise and the whole treatment. The percentage represents the
average portion of time spent by participants in the IG in each exercise compared to the time required
by the protocol (60 1 h sessions).

Exercises
Adherence
Avg (SD)

Elbow flexion 53.3 ± 0.4%
Shoulder 90◦ abduction 64.1 ± 0.2%
Shoulder 180◦ abduction 58.0 ± 0.3%

Shoulder 90◦ flexion 64.4 ± 0.3%
Shoulder 180◦ flexion 66.1 ± 0.3%

Ipsilateral target reaching 62.8 ± 0.3%
Controlateral target reaching 56.4 ± 0.3%

Trunk oscillation 63.9 ± 0.3%
General adherence 61.5 ± 3.9%

Abbreviation list: Avg = Average; SD = Standard Deviation.

The collected outcome measures scores and statistical analysis results are reported
in Table 3. Participants’ individual scores for each outcome measure are available as
Supplementary Material (Table S2). A significant change occurred in both groups’ dominant
hand dexterity scores measured with the 9HPT at T1. Participants in the IG, on average,
reduced the time needed to complete the task (representing an improvement—p: 0.05),
while those in the CG increased it (representing a worsening—p: 0.03). In this test, the score
changes that occurred in the IG and CG were statistically different (p: 0.01). The same trend
was observable for the non-dominant hand. However, this difference did not reach the
statistical significance between and within groups comparison analysis.

Participants’ individual data collected at T0 and T1 for each outcome measure are
available as Supplementary Materials. Looking at the 9HPT scores, among the IG, improve-
ments in the 9HPT scores were found in eight participants (88.9%) for the dominant hand
and in six of them (77.8%) for the non-dominant hand. Conversely, in the CG, one subject
(11.1%) ameliorated his dominant hand score, and four (44.4%) improved their perfor-
mance with the non-dominant hand. Participants’ individual 9HPT scores are graphically
represented in Figure 3.
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Figure 3. (a) Dominant and (b) non-dominant hands individual 9HPT scores for each participant at
T0 and T1. Participants in the IG are numbered from one to nine; those in the CG are numbered from
10 to 18. Lower values represent better performance.

No statistically significant changes were identified in the SARA items and total scores
collected from the IG at T0 and T1. Conversely, a significant increment of the SARA total
score was found for the CG at T1. However, although a more substantial change occurred
in the CG, no statistical difference emerged comparing the SARA items and total score
variation between the two groups.

No significant change was recognized when analyzing the T25FW scores. A minor
improvement can be found in both groups at this test, with the CG reducing its scores
slightly more than the IG.

4. Discussion

The present article described the effects of exergame use for upper body physical
rehabilitation training for children with ataxia on participants’ hand dexterity, disease
severity, and walking ability.

On average, the proposed intervention improved the hand dexterity of participants in
the IG, while those in the CG worsened their performance. This result was confirmed when
looking at the individual participants’ 9HPT scores showing that most of the subjects in the
IG reduced their scores, and most of those in the CG increased the time required to complete
the test. The 9HPT test–retest error margin was identified as 5% for the dominant hand
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and 2.4% for the non-dominant hand for the population with spinocerebellar ataxia [37].
Although minor changes occurred in the participants’ scores, the 9HPT deltas exceeded the
test’s test–retest error margin in eight subjects for both the dominant and non-dominant
hand in the IG. Of these, seven participants (77.8%) for the dominant hand and six (66.7%)
for the non-dominant hand improved their score. Conversely, 9HPT deltas of six subjects for
the dominant hand and five for the non-dominant hand surpass the test–retest error margin.
Of them, five (55.6%) for the dominant hand and four (44.4%) for the non-dominant hand
worsened their score. The authors believe that the conducted training strengthened the
participants’ body and arms muscles and increased their body segments control, improving
the trunk, shoulders, and arms stabilization during the hand dexterity task performance.
These findings echo those of Ada and colleagues [20], who reported that computer-based
elbow dexterity training positively affected the ipsilateral hand dexterity.

The disease severity data show that no significant change occurred for participants
in the IC while those in the CG showed a significant increment of their SARA scores.
This result should be interpreted with caution due to the small sample size. Moreover,
although the disease progression resulted in diminished IC, no statistical difference was
found between SARA score deltas of subjects in the IC and CG. Previous research reported
better outcomes of exergame training on children’s ataxia symptoms assessed with the
SARA [18,19]. However, these papers proposed treatments that focused more on balance
and gait, while the one presented mainly involved arms movements. This discrepancy hints
that a mixed intervention aimed at taking in charge different key aspects of the disorder
may lead to more global improvements.

The walking ability changed accordingly in both groups showing no impact of the
intervention on this skill. This result is not surprising as the implemented training was
performed in a standing position and involved accurate upper limbs and trunk movements.
Again, keeping in mind the globality of the motor impairment of children and adolescents
with ataxia, it is advisable to combine interventions to take care of as many critical aspects
of the pathology as possible. This finding is in line with a previous report suggesting that
postural control can be enhanced using exergame as complementary training in adults with
Ataxia [38]. The use of various exergames involving different body parts and skills across
the week could also increase the child’s interest, supporting the adherence to the program.

Adherence data suggest that the presented results can be attained even with a less
intensive intervention than expected. The authors believe that the Niurion® exergame
supported the participants’ motivation to follow and adhere to the intervention, but it was
insufficient to sustain the required adherence. These data align with previous statements re-
porting exergames’ difficulties in maintaining the player’s interest over long periods [17,39].
The literature recommends intensive, daily physical intervention for this population that
could lead to even better results if reached [8,21,38]. Highly motivating virtual environ-
ments are needed to stimulate young users to adhere to long-lasting intensive practices
and achieve ecologic and meaningful treatment [40]. The individuality of the motivational
factors necessary to sustain prolonged treatments requires the possibility of pursuing the
same therapeutic goal throughout multiple virtual environments and tasks, adapting to
personal and age adequate preferences. Although previous studies suggested some factors
supporting the children’s motivation to play an exergame [41,42], the implementation of
such elements remains technically challenging. However, exergaming is a relatively young
and constantly developing technology, and its real potential in health promotion is far from
being expressed [17].

Finally, considerations should be made on the fact that the present intervention was
conducted at home, with minimal remote supervision of the health care professionals.
These options represent a great advantage for monitoring and treating people with a rare
pathology such as ataxia, which is widely distributed across the territory, sometimes with
limited access to rehabilitation facilities. Moreover, as the proposed training acts as a supple-
mentary intervention for the individuals in the IG, it could be speculated that the obtained
improvement could be strictly related to the increased amount of time spent by participants
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in performing therapeutic activities, according to the existing literature [8,21,38]. Therefore,
exergames could represent a cost-effective solution to increase the number of therapeutic
sessions received by children with ataxia. The exergames cost-effectiveness is still limited by
the hardware and software development price. However, more widely affordable solutions
are emerging, such as the one used in this study and others [17,43–47].

This study presents some limitations. Although a robust experimental design was
applied, a small number of participants was enrolled, limiting the generalization of the
results. Enrolling large samples of patients with rare disorders in clinical rehabilitation
research is difficult. Greater collaboration between scientists, clinicians, and the association
of patients and families is needed to enhance the research quality in this field [11]. The
external validity of our results is also challenged by the lack of a baseline and wash-
out phases. Future studies should establish these phases to confirm the cause/effect
relationship between the intervention and the occurred changes and their maintenance
after the treatment interruption. In addition, there is a lack in the literature related to the
expected change in the 9HPT score for the pediatric population with ataxia, challenging
the possibility of comparing the presented results with the natural history of these patients.
Finally, the effect of the intervention on the participants’ activity of daily living was not
assessed within the current project and could represent an interesting study of the efficacy
of exergame.

5. Conclusions

The presented exergame effectively enhanced the hand dexterity of children with
ataxia. However, there is a need for more engaging and fun exergames capable of maintain-
ing a high level of players’ interest and motivation in playing. Moreover, it is advisable to
plan a mixed intervention (eventually with more than one exergame) to take care of the
multiple aspects of the disorder.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11041065/s1, Table S1: Adherence individual data for each
participant and related descriptive statistics; Table S2: Participants’ individual scores for each out-
come measure.
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Abstract: A standardized observational instrument designed to measure change in gross motor
function over time in children with cerebral palsy is the Gross Motor Function Measure (GMFM).
The process of evaluating a value for the GMFM index can be time consuming. It typically takes
45 to 60 min for the patient to complete all tasks, sometimes in two or more sessions. The diagnostic
procedure requires trained and specialized therapists. The paper presents the estimation of the
GMFM measure for patients with cerebral palsy based on the results of the Zebris FDM-T treadmill.
For this purpose, the regression analysis was used. Estimations based on the Generalized Linear
Regression were assessed using different error metrics. The results obtained showed that the GMFM
score can be estimated with acceptable accuracy. Because the Zebris FDM-T is a widely used device
in gait rehabilitation, our method has the potential to be widely adopted for objective diagnostics of
children with cerebral palsy.

Keywords: Gross Motor Function Measure; cerebral palsy; estimation; Zebris FDM-T; regression

1. Introduction

Cerebral palsy (CP) is a group of permanent disorders of the development of move-
ment and posture that are considered one of the most frequent causes of non-progressive
motor disability in children [1,2]. Symptoms of CP vary from person to person, ranging
from mild to very severe movement difficulties [1,2]. CP is a very diverse problem accompa-
nied by multiple comorbidities such as communication impairment, cognitive impairment,
visual and hearing impairment, reduced alertness, epilepsy, seizures, musculoskeletal
problems, feeding difficulties, behavioral disorders, mental retardation, and even sleep
disorders [1–5]. Due to the complexity of this condition and the fact that there is no cure
for CP, its treatment is also very complex: it includes botulinum toxin therapies, certain
surgical techniques (such as orthopedic surgery and rhizotomy), and supportive treatments
(such as physiotherapy or focal vibration (FV) on limb muscles)—these procedures help
alleviate symptoms of the disease and improve motor skills of patients [1,6].

The volume of data that describe patients with CP is constantly expanding, and the
diversity of these data is also increasing [3–5,7–9]. A significant problem associated with
CP is the dispersion and inconsistency of data related to this condition, as well as the lack
of dedicated information systems that would facilitate the observation of patients and help
determine the most appropriate treatment process [2]. The Mobilize Center information
system addresses the problem of data spread [10]. Moreover, in this work Ku et al. identified
Big Data Analytics (BDA) and Machine Learning (ML) as potential methodologies that
could revolutionize research on human mobility. Over the last few years, these approaches
have been used extensively in numerous studies related to CP [11–20]. The growing amount
of data obtained as a result of human biomechanical studies makes it imperative to develop
advanced methods of multivariate analysis and ML. Current trends and future directions
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regarding Computer Vision (CV) and ML in CP research have been summarized in several
works [9,21,22].

Because CP is a complex disorder, different morphological and functional Gait Classi-
fication Systems (GCSs) have been developed, many of whom express either gait pathology
or functional impairment [23,24]. GCSs help categorize gait pathologies, allow for the
assessment of patient health over time, provide a standardized way to compare gaits be-
tween different patients, simplify treatment recommendations and planning, and improve
data exchange between clinicians and researchers [23,24]. To increase the efficiency of gait
classification and quantify gait compared to the unimpaired gait of typically developing in-
dividuals (TD), data obtained with the use of three-dimensional Instrumented Gait Analysis
(3DIGA) have been used to introduce gait indices such as the Gillette Gait Index (GGI), the
Gait Deviation Index (GDI), and the Gait Profile Score (GPS) [24–26]. GGI has been proven
to show an excellent correlation with Gross Motor Function Measure (GMFM), and GDI is
strongly correlated with Gross Motor Function Classification System (GMFCS) [24]. Also,
it should be noted that GDI and GPS were not developed exclusively for gait assessment
in patients with CP, but as a more general measure of gait pathology [24,26]. Another test
that is frequently used to evaluate functional exercise capacity of children with CP and is
inexpensive to administer is the 6-minute Walk Test (6MWT) [27,28]. Furthermore, a work
by Thomason et al. proposed a novel assessment of gait function in children with CP—the
Gait Outcomes Assessment List (GOAL) [29]. This index tries to capture the complex nature
of physical ability by taking into account contextual factors that contribute to functioning,
as well as expectations of children and their parents.

Some of the GCSs are more efficient to administer, such as GGI and GDI, but require
sophisticated and expensive equipment to measure certain kinematic and spatiotemporal
parameters of a patient’s gait [24]. Other indices like GMFM do not require the use of such
equipment, but have other disadvantages. Because the GMFM score is evaluated using
88 (GMFM-88) or 66 (GMFM-66) items (measurements) grouped into 5 dimensions, the
process of obtaining a value of this index can be time consuming—typically, it takes 45 to
60 min for the patient to complete all tasks, sometimes in two or more sessions [30,31].
Individual test items are scored from 0 to 3, and even though trained therapists reach a
high level of agreement when administering and scoring GMFM [30,31], it may not be the
case for young, inexperienced, untrained therapists, or those unfamiliar with the method
of measurement. Moreover, if the child is tired or other factors related to the child are
present, it is not always feasible to complete all the measurements [31]. To increase the
efficiency of the evaluation of the GMFM index, its abbreviated forms were developed:
GMFM-66-IS and GMFM-66 B&C [32]. GMFM-66-IS can be administered in approximately
20 to 30 min [31], so the time needed to evaluate the GMFM score can be reduced by two-
thirds. A recent work proposed another reduced version of the GMFM-66 index named
rGMFM-66 [31]. In this study Duran et al. used several artificial intelligence approaches to
estimate the GMFM-66 value with the fewest possible measurements, e.g., by the means of
Random Forest (RF), or Support Vector Machine (SVM).

An important direction of research on CP is the search for associations in patients
health data, e.g., to find correlations with various classification systems and measures,
such as: the Communication Function Classification System (CFCS) [33,34], the Five-
Times-Sit-to-Stand Test (FTSST) [35], GDI [35–40], GMFCS [33,34,36,41,42], GMFM [43], the
Manual Ability Classification System (MACS) [34], and also to identify other associations
and correlations [39,40,44–50]. Strongly correlated data are essential for BDA and ML
algorithms, e.g., to develop successful regression models.

Another direction of research is an attempt to predict the values of some of the previ-
ously mentioned classification systems and measures, as well as other health parameters
of patients with CP, mainly by means of ML. In Ries et al. [51] developed a statistical
orthosis selection model using RF. The goal of this model was to predict which of the five
orthosis designs would provide the best gait outcome (defined as the change in GDI) for
patients with diplegic CP. In Galarraga et al. [52] predicted postoperative lower limb kine-
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matics utilizing multiple linear regressions. Another study by these authors [53] proposed
a system that predicts postoperative kinematics considering a large number of surgical
combinations and gait patterns in CP. In [54], Rosenberg and Steele used musculoskeletal
models to simulate walking kinematics of children with CP, with and without passive
ankle foot orthoses (AFOs). The work of Rajagopal et al. [55] built regression models to
estimate the effect of single-event multilevel surgery (SEMLS) in improving gait in patients
with CP. In [56], Duran et al. developed a method that predicts the expected changes
in the GMFM-66 measure of individual children with CP between two points in time
that are 6 months apart. Pitto et al. in their research [57] developed the SimCP—a novel
framework that allows to evaluate the outcome of different simulated surgeries, enabling
clinicians to predict gait performance after orthopedic intervention in children with CP. In
Kidziński et al. [58], presented ML models to predict clinically relevant motion parameters
such as walking speed, cadence, knee flexion angle at maximum extension, and GDI. The
methods used by the researchers included the Convolutional Neural Network (CNN), RF,
and Ridge Regression (RR)—they were trained using ordinary videos of patients with
CP. Another similar work was conducted by Jalata et al. [59]. They proposed a Graph
Convolutional Neural Network (GCNN) that predicts similar gait measures based on a
video of a patient. The research by Azhand et al. [60] demonstrated a novel gait assessment
model using CNNs that can extract 3D skeleton joints from videos of walking humans
taken with monocular smartphone cameras. Other interesting work by Afifi [61] proposed
a model using RF to predict CP in very preterm infants. The model provided a good level
of discrimination between children with and without CP.

The purpose of this study was to develop a method to estimate the GMFM measure
for patients with cerebral palsy based on the Zebris FDM-T treadmill results. The proposed
model was trained using data collected from 23 patients with CP. The Zebris FDM-T is
a device that is widely used in gait rehabilitation, so our method has the potential to be
widely adopted. Section 2 briefly characterizes the GMFM measure and the Zebris FDM-T
treadmill device, as well as discusses the study population and data analysis methods
used to carry out this work. Section 3 presents the experimental results obtained with our
method. Finally, Section 4 provides the interpretation of these results and concludes the
article highlighting future research directions.

2. Materials and Methods

The Materials and Methods section has been divided into 5 subsections. The first
subsection describes the GMFM, an observational tool for measuring changes in gross motor
function over time in children with cerebral palsy. Then, the Zebris FMD-T treadmill device
was characterized, from which the results for analysis were obtained. The third subsection
covers the study population, which was based on the use of data from 23 patients. The
next subsection discusses the Zebris FDM-T treadmill diagnostics scheme that was used to
obtain patient measurements. The last subsection describes the data analysis methods that
were used to carry out our research.

2.1. Gross Motor Function Measure (GMFM)

The GMFM is a precise observational tool for measuring changes in gross motor
function over time in children with CP [47]. It is based on the principles of developmental
neurophysiology [62,63]. It is a quantitative scale: it was designed to minimize variation
by including the assessment of ’does do’ rather than ’can do’ (it consists of objectively
defined test items and it has a standardized scoring system) [64]. The GMFM examines the
functional behavior of children in terms of major motor activities from infancy to 16 years
of age. It focuses on monitoring the number of gross motor activities that a 5-year-old
child can perform [32]. It is an insightful and comprehensive tool that is used to assess the
effectiveness of various treatments due to its high sensitivity and repeatability [38,62,65].
In addition, it can be utilized to set the functional goals of the current or planned treatment
of the child. Also, it allows one to determine the functional state of the child at a given
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moment and compare it with the previous state. Lastly, it can be used to establish the type
of functional process of the child.

There are two versions of GMFM: GMFM-66 and GMFM-88 [66]. The GMFM-88 scale
was developed for children with CP, but it is also used in children with Down syndrome
and brain injuries [62]. It provides a more detailed description of the limitations and
abilities of children with varying levels of motor disabilities [66]. The GMFM-88 can be
administered with shoes and outpatient aids and/or orthoses [62]. The GMFM measures a
child’s ability in five different dimensions:

1. lying and rolling (17 measurements),
2. sitting (20 measurements),
3. crawling and kneeling (14 measurements),
4. standing (13 measurements),
5. walking, running, and jumping (24 measurements) [32,47,65].

During the GMFM assessment, the child receives points from 0 to 3 for each motor
task. The obtained number of points reflects the degree of execution of a given activity:

• 0 points—does not initiate movement,
• 1 point—activity performed in the range below 10% (initiates movement),
• 2 points—activity executed in the range between 10–100%,
• 3 points—activity performed in 100%,
• NT—not tested [66].

A child scores 0 points for omitting a measurement or for being unable to complete
one [66]. The points obtained are then calculated by the computer program GMAE (Gross
Motor Ability Estimator), which returns the result as a percentage with a 95% confidence
area [66]. The GMFM scale is used in rehabilitation centers that treat children with CP,
although it cannot be administered to patients with behavioral disorders and those who do
not understand verbal commands or demonstrations [66,67]. The tool allows monitoring
even the smallest progress in motor development of children with CP, especially those
with spastic forms of the disease, which is an important step in improving their functional
state [66]. All information about progress in child activity is also of key importance for
parents of young patients. It is recommended to complete all test items, even by older
children who may be able to perform more advanced tasks. The final report should also
contain information in the event of difficulties arising from lack of cooperation with a
child [66,67].

2.2. Zebris FDM-T Treadmill Device

The Zebris FDM-T treadmill [68] is a very universal rehabilitation and diagnostic
device that supports various modes of operation. It can be used both for dynamic gait
analysis and for static analysis while a patient is standing. The treadmill is used for the
diagnosis and rehabilitation of lower limbs in patients with CP. In addition, a camera can
be connected to the device, as well as an electromyography (EMG) set and a projector to
display the footprints on a treadmill that a patient should follow, or a monitor that displays
a customizable track with obstacles that a patient should avoid. Measurement results can
be exported in the form of text, graphics, and video. Basic parameters that can be measured
include values of forces and pressures of a feet, as well as time-space parameters of gait [69].

In this study, the results of the following measurements obtained with the use of the
Zebris FDM-T device were analyzed: static analysis when standing with eyes open and
closed, and gait analysis at a preferred speed determined for each patient at the first attempt.
During the stance analysis, more than 20 parameters are recorded, such as forces, COP
positions, 95% confidence ellipse area, etc. More than 100 parameters representing different
aspects of gait are recorded during gait analysis, such as forces, pressures, gait phases,
times, anterior/posterior position, foot rotations, lateral symmetry, cadence, velocity, step
length, step width, etc.
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2.3. Study Population

Data that were analyzed in this research came from a part of the TWEC project carried
out by PHU Technomex Sp. z o.o. The TWEC project concerns the realization of an IT
system with a mobile application that optimizes the indications, intensity, and training
loads for integrated use during technologically assisted gait education in people with CP
using selected rehabilitation devices. The study included 23 patients with CP (8–24 years of
age): 12 women and 11 men. The analysis used 55 data samples about patients belonging
to the GMFCS 2 group that were recorded during different stages of the project (there may
be from 1 to 4 samples per patient). In the project GMFM-88 scale values were used, which
were determined by physicians: the results are shown in Figure 1 as a box plot, with specific
values represented as blue dots (they may overlap).

0 20 40 60 80 100

Lying and Rolling

Sitting

Crawling and Kneeling

Standing

Walking and Jumping

GMFM

Figure 1. Patients’ GMFM-88 values.

2.4. Zebris FDM-T Treadmill Diagnostics Scheme

This section describes the Zebris FDM-T treadmill diagnostics scheme that our partners
(Department of Pediatric Orthopedics and Traumatology at Poznan University of Medical
Sciences and PHU Technomex Sp. z o.o.) use in the TWEC project. Assessment on the
treadmill is carried out in two ways: static (standing) and dynamic (walking). The first
involves standing upright, while the second allows for the analysis of individual phases
of gait and the assessment of many parameters describing gait that were mentioned in
Section 2.2. The static measurement is performed at least twice for 30 s with eyes open and
separately with eyes closed. When performing the test with eyes open, the screen should
show a neutral image with no COP (center of pressure) feedback, or the screen should be
obscured. In order to be able to perform a dynamic measurement, the examined person
must get used to walking on moving ground. The period of acclimatization to walking
on the treadmill lasts between 5 and 6 min, during which the patient’s comfort speed is
verified, trying to adjust the speed to obtain the natural locomotion speed of the ground
(determined during the gait analysis in the optoelectronic system or the initial 6MWT
fragment). If the patient does not feel comfortable after reaching the ground speed, the
speed is gradually reduced every 30 s until the subject declares that the speed is appropriate.
Then, a specific measurement is performed that lasts 60 s. After this period, the speed is
gradually increased every 30 s until the maximum speed at which the patient is not afraid
to move is achieved and another 60-s measurement is performed. On the treadmill, the
patient walks barefoot and is allowed to hold the handrail if necessary. Patient diagnostics
on the Zebris treadmill takes between 30 and 40 min.
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2.5. Data Analysis

Many more parameters than data samples may lead to a problem with model fit-
ting [70]. Therefore, direction of the learning process was performed. To improve the
quality of the model, two types of operations were used. The first was the reduction of pa-
rameters to the ones most correlated with the target (GMFM dimensions). The second was
based on an introduction of interaction features. At first, the parameters most correlated
with the target were found. Then, they were multiplied by themselves and added to the
original parameters. Lastly, the parameters that were most correlated with each other were
removed. As a result, the remaining parameters were correlated with the target, but not
with each other.

For data analysis, the Spark framework [71] was used. In particular, the MLlib library
was utilized. The data were randomly divided into:

• training set—80% of the data,
• testing set—remaining 20% of the data.

Then, the Generalized Linear Regression using the Gaussian family. It allows flexible
specification of a Generalized Linear Model (GLM) that can be applied to different types
of predictive problems, including linear regression, Poisson regression, logistic regression,
and more [71].

Finally, with the help of this tool, the following measures were calculated:

• Mean Squared Error (MSE),
• Root Mean Squared Error (RMSE),
• Mean Absolute Error (MAE),
• Mean Absolute Percentage Error (MAPE),
• Coefficient of Determination (R2) [71].

The operations of dividing the data into training and testing were repeated 100 times.
In the next section, errors are presented in two forms: plots and tables. The plots show the
specific error values for each iteration as orange dots (they may overlap) and aggregated
error values for all iterations in the form of a box plot. In the tables, the following symbols
are used:

• min—minimal value,
• q1—first quartile,
• median—second quartile,
• q3—third quartile,
• max—maximal value,
• q3 − q1—difference between third and first quartile,
• range—difference between maximal and minimal value.

3. Results

In this section, experimental results concerning MSE, RMSE, MAPE, and R2 are
presented. Their description and interpretation are provided.

MSE is used to calculate the average squared difference between the observed and estimated
values. RMSE is the square root of MSE. The smaller the values of these measures, the closer the
model is to the actual data. The definitions used are as follows (https://spark.apache.org/d
ocs/2.3.0/mllib-evaluation-metrics.html (accessed on 20 October 2021)):

MSE =
1
N

N−1

∑
i=0

(yi − ŷi)
2, RMSE =

√√√√ 1
N

N−1

∑
i=0

(yi − ŷi)
2 (1)

Experimental results concerning MSE and RMSE are presented in the Tables 1 and 2
and in the Figures 2 and 3, respectively.
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Table 1. The MSE values for the conducted experiments.

Min q1 Median q3 Max q3 − q1 Range

GMFM 9.4 33.7 47.5 58.7 89.5 25.0 80.1

Walking and Jumping 43.7 79.1 101.1 120.1 234.2 41.0 190.5

Standing 33.3 63.2 79.3 93.7 155.4 30.5 122.2

Crawling and Kneeling 12.2 31.8 41.2 59.0 109.9 27.3 97.7

Sitting 16.1 40.9 59.3 71.9 144.5 30.9 128.4

Lying and Rolling 2.8 8.0 13.1 18.2 38.5 10.2 35.7
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Figure 2. The MSE values for the conducted experiments.
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Figure 3. The RMSE values for the conducted experiments.
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Table 2. The RMSE values for the conducted experiments.

Min q1 Median q3 Max q3 − q1 Range

GMFM 3.1 5.8 6.9 7.7 9.5 1.9 6.4

Walking and Jumping 6.6 8.9 10.1 11.0 15.3 2.1 8.7

Standing 5.8 7.9 8.9 9.7 12.5 1.7 6.7

Crawling and Kneeling 3.5 5.6 6.4 7.7 10.5 2.0 7.0

Sitting 4.0 6.4 7.7 8.5 12.0 2.1 8.0

Lying and Rolling 1.7 2.8 3.6 4.3 6.2 1.4 4.5

MAE is used to calculate the average absolute difference between the observed and
estimated values. MAPE is the percentage version of MAE, where the absolute difference
between the observed and estimated values is referred to the first one. Similarly to MSE
and RMSE, the smaller the values of these measures, the closer the model is to the actual
data. The MAE penalizes large errors more than MSE. The definitions used are as follows:

MAE =
1
N

N−1

∑
i=0

∣∣yi − ŷi
∣∣, MAPE =

100
N

N−1

∑
i=0

∣∣∣∣
yi − ŷi

yi

∣∣∣∣ (2)

Experimental results concerning MAE and MAPE are presented in the Tables 3 and 4
and in the Figures 4 and 5, respectively.

Table 3. The MAE values for the conducted experiments.

Min q1 Median q3 Max q3 − q1 Range

GMFM 2.4 4.7 5.4 6.2 8.3 1.5 5.9

Walking and Jumping 5.4 7.7 8.6 9.4 13.3 1.7 7.9

Standing 4.4 6.7 7.5 8.1 11.0 1.5 6.6

Crawling and Kneeling 3.0 4.7 5.3 6.1 8.7 1.5 5.8

Sitting 3.4 4.9 5.8 6.7 9.7 1.8 6.4

Lying and Rolling 1.4 2.2 2.7 3.2 4.4 1.0 3.0
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Figure 4. The MAE values for the conducted experiments.
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Table 4. The MAPE [%] values for the conducted experiments.

Min q1 Median q3 Max q3 − q1 Range

GMFM 3.0% 5.9% 7.0% 8.0% 11.3% 2.2% 8.4%

Walking and Jumping 7.8% 11.4% 13.5% 15.5% 23.1% 4.2% 15.3%

Standing 6.0% 8.9% 10.1% 11.4% 16.0% 2.5% 10.0%

Crawling and Kneeling 3.5% 6.0% 6.9% 8.0% 11.9% 2.0% 8.3%

Sitting 3.6% 5.7% 6.9% 8.2% 14.5% 2.4% 11.0%

Lying and Rolling 1.6% 2.4% 2.8% 3.5% 5.5% 1.1% 3.9%

0% 5% 10% 15% 20% 25%

Lying and Rolling

Sitting

Crawling and Kneeling

Standing

Walking and Jumping

GMFM

Figure 5. The MAPE [%] values for the conducted experiments.

For MSE, RMSE, MAE and MAPE the smallest errors can be observed for a dimen-
sion “Lying and Rolling” and the biggest errors for “Walking and Jumping”. Significant
similarities concerning MAPE between the dimensions “GMFM” (min = 3.0%, q1 = 5.9%,
median = 7.0%, q3 = 8.0%, max = 11.3%, q3 − q1 = 2.2%, range = 8.4%) and “Crawling and
Kneeling” (min = 3.5%, q1 = 6.0%, median = 6.9%, q3 = 8.0%, max = 11.9%, q3 − q1 = 2.0%,
range = 8.3%) can be found in Table 4. This can also be noticed for various extents for MSE,
RMSE and MAE (Tables 1–3, respectively). If the range (max–min) are taken into account,
the smallest values always have “Lying and Rolling”, and the largest have “Walking and
Jumping”. The results strongly depend on the selection of training and test data. In the
best case, estimations for all dimensions can be made with a MAPE error ≤ 7.8%, and
in the worst case ≤ 23.1%, which means an increase of almost 3 times. The error values
in the dimensions probably follow to some extent from the actual results of the patients
(Figure 1). They are also probably related to the different difficulties of the movements in
the different dimensions.

R2 is used to calculate the proportion of variance shared by the dependent variable and
the independent variable(s). The higher the the value, the higher percentage of variation of
dependent variable that is explained by the independent variable(s). The maximum value
is 1 (100%). There are a few reason why R2 may be negative [72], for example, the model is
not good enough. According to [73] R2 is more informative than other metrics in regression
analysis evaluation. The definition used is as follows:
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R2 = 1 − MSE
VAR(y)(N − 1)

= 1 − ∑N−1
i=0 (yi − ŷi)

2

∑N−1
i=0 (yi − ȳi)

2 (3)

Experimental results concerning R2 are presented in the Table 5 and in the Figure 6.

Table 5. The R2 values for the conducted experiments.

Min q1 Median q3 Max q3 − q1 Range

GMFM −1.11 0.15 0.38 0.57 0.87 0.42 1.98

Walking and Jumping −1.27 0.09 0.32 0.44 0.71 0.35 1.98

Standing −0.82 0.11 0.30 0.40 0.65 0.29 1.47

Crawling and Kneeling −0.72 0.19 0.37 0.55 0.80 0.36 1.53

Sitting −3.70 0.11 0.43 0.65 0.84 0.54 4.54

Lying and Rolling −1.58 0.41 0.65 0.75 0.95 0.35 2.53

For all dimensions, at least 75% of the cases (from q1 to max) have positive values of
R2. Median varies from about 0.30 for “Standing” to about 0.75 for “Lying and Rolling”.
Larger, non negative values would be desirable.

-4 -2 0 0.2 0.4 0.6 0.8 1

Lying and Rolling

Sitting

Crawling and Kneeling

Standing

Walking and Jumping

GMFM

Figure 6. The R2 values for the conducted experiments.

4. Discussion

Estimating the GMFM measure for patients with CP is a research topic that has not
been extensively studied so far. Our experiments confirmed the hypothesis put forward in
the introduction to the article: it is possible to estimate the value of this metric based on the
Zebris FDM-T treadmill results, with the errors that were discussed in detail in the previous
section. Some motor abilities (GMFM dimensions) are better estimated than others. The
smallest errors can be observed for a dimension “Lying and Rolling” and the biggest errors
for “Walking and Jumping”. It may be related to the varying degree of difficulty of the tasks
performed within each dimension. More complex exercises may lead to higher estimation
errors because the patient may make more mistakes, e.g., as a result of greater fatigue or
his/her impairment. Evidence that GMFM estimation is possible can also be found in the
work by Duran et al. [56], who developed a method that predicts the expected changes in
the GMFM-66 measure of individual children with CP between two points in time that are
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6 months apart. In their work, the LMS (lambda-mu-sigma) method was used to generate
age-related reference centile curves for the GMFM-66 score.

Because the Zebris FDM-T is a widely used device in gait rehabilitation, our proposi-
tion has the potential to be widely adopted. To the best of our knowledge, the approach
presented in this paper has not been tried before, so our method can be considered novel.
The main disadvantage regarding the GMFM index is related to the efficiency of its ad-
ministration [30,31]. That is why its abbreviated forms were developed: GMFM-66-IS and
GMFM-66 B&C [32]. In [31], Duran et al. proposed yet another reduced version of the
GMFM-66 index named rGMFM-66, but its administration still requires some test items to
be performed by the patient, although to a limited extent. Using our proposition, a value of
GMFM can be estimated immediately when data from Zebris FDM-T are accessible, which
can significantly shorten the time of a patient’s examination.

Our method can be of great help for untrained therapists who are not familiar with the
system of measurement. It can also be utilized by students during their didactic process.
Furthermore, our proposition can be used to quickly assess the motor skills of a patient,
and then, if a more thorough assessment is needed, a physician can administer the measure
in a classic way.

There are many further research directions that can be investigated. It would be
useful to estimate metrics with a larger sample of data from more patients. The impact
of grouping patients with a similar disease type (e.g., CP type) on the estimation of the
metric may also be examined. In projects that also include rehabilitation, estimation of
changes in the patient’s health may be researched. Furthermore, this approach can be
extended to the estimation of changes in metrics as a consequence of surgeries that patients
undergo, similarly to [52,53,55,57]. In addition, estimations can be based on patient data
from different medical devices that may be used individually or together.

Author Contributions: Conceptualization, S.D., M.B., P.P. and D.K; methodology, M.B.; software,
M.B.; validation, M.B. and S.D.; formal analysis, M.B., P.P. and D.K.; investigation, M.B., P.P. and
D.K.; resources, S.D.; data curation, M.B. and D.K.; writing—original draft preparation, M.B., P.P. and
D.K.; writing—review and editing, S.D., P.P. and M.B.; visualization, M.B.; supervision, S.D.; project
administration, S.D.; funding acquisition, S.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by The Polish National Centre for Research and Development
grant number POIR.04.01.04-00-0035/19-00.

Data Availability Statement: Data sets used and analyzed in this research are available from the
corresponding author on reasonable request.

Acknowledgments: We thank the staff of the Department of Pediatric Orthopedics and Traumatology
at Poznan University of Medical Sciences and PHU Technomex Sp. z o.o. for providing the data used
in our research.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CP Cerebral palsy
BDS Big Data Analytics
ML Machine Learning
FV Focal Vibration
CV Computer Vision
GCSs Gait Classification Systems
TD Typically developing
3DIGA Three-dimensional Instrumented Gait Analysis
GGI Gillette Gait Index
GDI Gait Deviation Index
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GPS Gait Profile Score
GMFM Gross Motor Function Measure
GMFCS Gross Motor Function Classification System
6MWT 6-m Walk Test
GOAL Gait Outcomes Assessment List
RF Random Forest
SVM Support Vector Machine
CFCS Communication Function Classification System
FTSST Five-Times-Sit-to-Stand Test
MACS Manual Ability Classification System
CNN Convolutional Neural Network
RR Ridge Regression
GCNN Graph Convolutional Neural Network
GMAE Gross Motor Ability Estimator
TWEC Technologicznie Wspomagana Edukacja Chodu
COP Center of Pressure
GLM Generalized Linear Model
MSE Mean Squared Error
RMSE Root Mean Squared Error
MAE Mean Absolute Error
MAPE Mean Absolute Percentage Error
R2 Coefficient of Determination

References

1. Sadowska, M.; Sarecka-Hujar, B.; Kopyta, I. Cerebral palsy: Current opinions on definition, epidemiology, risk factors, classifica-
tion and treatment options. Neuropsychiatr. Dis. Treat. 2020, 16, 1505. [CrossRef] [PubMed]

2. Afzali, M.; Etemad, K.; Kazemi, A.; Rabiei, R. Cerebral palsy information system with an approach to information architecture: A
systematic review. BMJ Health Care Inform. 2019, 26, e100055. [CrossRef] [PubMed]

3. Zhang, J.Y.; Oskoui, M.; Shevell, M. A population-based study of communication impairment in cerebral palsy. J. Child Neurol.
2015, 30, 277–284. [CrossRef] [PubMed]

4. Reid, S.M.; Meehan, E.M.; Arnup, S.J.; Reddihough, D.S. Intellectual disability in cerebral palsy: A population-based retrospective
study. Dev. Med. Child Neurol. 2018, 60, 687–694. [CrossRef] [PubMed]

5. Whitney, D.G.; Warschausky, S.A.; Peterson, M.D. Mental health disorders and physical risk factors in children with cerebral
palsy: A cross-sectional study. Dev. Med. Child Neurol. 2019, 61, 579–585. [CrossRef] [PubMed]

6. Lopez, S.; Bini, F.; Del Percio, C.; Marinozzi, F.; Celletti, C.; Suppa, A.; Ferri, R.; Staltari, E.; Camerota, F.; Babiloni, C. Electroen-
cephalographic sensorimotor rhythms are modulated in the acute phase following focal vibration in healthy subjects. Neuroscience
2017, 352, 236–248. [CrossRef]

7. Coker-Bolt, P.; Downey, R.J.; Connolly, J.; Hoover, R.; Shelton, D.; Seo, N.J. Exploring the feasibility and use of accelerometers
before, during, and after a camp-based CIMT program for children with cerebral palsy. J. Pediatr. Rehabil. Med. 2017, 10, 27–36.
[CrossRef]

8. Sartori, M.; Fernandez, J.; Modenese, L.; Carty, C.; Barber, L.; Oberhofer, K.; Zhang, J.; Handsfield, G.; Stott, N.; Besier, T.; et al.
Toward modeling locomotion using electromyography-informed 3D models: Application to cerebral palsy. Wiley Interdiscip. Rev.
Syst. Biol. Med. 2017, 9, e1368. [CrossRef]

9. Zhang, J. Multivariate analysis and machine learning in cerebral palsy research. Front. Neurol. 2017, 8, 715. [CrossRef]
10. Ku, J.P.; Hicks, J.L.; Hastie, T.; Leskovec, J.; Ré, C.; Delp, S.L. The mobilize center: An NIH big data to knowledge center to

advance human movement research and improve mobility. J. Am. Med. Inform. Assoc. 2015, 22, 1120–1125. [CrossRef]
11. Bergamini, L.; Calderara, S.; Bicocchi, N.; Ferrari, A.; Vitetta, G. Signal Processing and Machine Learning for Diplegia Classification.

In Proceedings of the International Conference on Image Analysis and Processing, Catania, Italy, 11–15 September 2017; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 97–108.

12. Kuntze, G.; Nettel-Aguirre, A.; Ursulak, G.; Robu, I.; Bowal, N.; Goldstein, S.; Emery, C.A. Multi-joint gait clustering for children
and youth with diplegic cerebral palsy. PLoS ONE 2018, 13, e0205174. [CrossRef] [PubMed]

13. Ferrari, A.; Bergamini, L.; Guerzoni, G.; Calderara, S.; Bicocchi, N.; Vitetta, G.; Borghi, C.; Neviani, R.; Ferrari, A. Gait-based
diplegia classification using lsmt networks. J. Healthc. Eng. 2019, 2019, 3796898. [CrossRef] [PubMed]

14. Zhang, Y.; Ma, Y. Application of supervised machine learning algorithms in the classification of sagittal gait patterns of cerebral
palsy children with spastic diplegia. Comput. Biol. Med. 2019, 106, 33–39. [CrossRef] [PubMed]

15. Ihlen, E.A.; Støen, R.; Boswell, L.; de Regnier, R.A.; Fjørtoft, T.; Gaebler-Spira, D.; Labori, C.; Loennecken, M.C.; Msall, M.E.;
Möinichen, U.I.; et al. Machine learning of infant spontaneous movements for the early prediction of cerebral palsy: A multi-site
cohort study. J. Clin. Med. 2020, 9, 5. [CrossRef]

64



J. Clin. Med. 2022, 11, 954

16. Choisne, J.; Fourrier, N.; Handsfield, G.; Signal, N.; Taylor, D.; Wilson, N.; Stott, S.; Besier, T.F. An unsupervised data-driven
model to classify gait patterns in children with cerebral palsy. J. Clin. Med. 2020, 9, 1432. [CrossRef]

17. Sukhadia, N.; Kamboj, P. Detection of Spastic Cerebral Palsy Using Different Techniques in Infants. In ICT Analysis and Applications;
Springer: Berlin/Heidelberg, Germany, 2021; pp. 57–71.

18. Kurowski, B.G.; Greve, K.; Bailes, A.F.; Zahner, J.; Vargus-Adams, J.; Mcmahon, M.A.; Aronow, B.J.; Mitelpunkt, A. Electronic
health record and patterns of care for children with cerebral palsy. Dev. Med. Child Neurol. 2021, 63, 1337–1343. [CrossRef]

19. Harris, C.M.; Wright, S.M. Malnutrition in hospitalized adults with cerebral palsy. J. Parenter. Enter. Nutr. 2021, 45, 1749–1754.
[CrossRef]

20. Sakkos, D.; Mccay, K.D.; Marcroft, C.; Embleton, N.D.; Chattopadhyay, S.; Ho, E.S. Identification of Abnormal Movements in
Infants: A Deep Neural Network for Body Part-Based Prediction of Cerebral Palsy. IEEE Access 2021, 9, 94281–94292. [CrossRef]

21. Phinyomark, A.; Petri, G.; Ibáñez-Marcelo, E.; Osis, S.T.; Ferber, R. Analysis of big data in gait biomechanics: Current trends and
future directions. J. Med. Biol. Eng. 2018, 38, 244–260. [CrossRef]

22. Silva, N.; Zhang, D.; Kulvicius, T.; Gail, A.; Barreiros, C.; Lindstaedt, S.; Kraft, M.; Bölte, S.; Poustka, L.; Nielsen-Saines, K.; et al.
The future of General Movement Assessment: The role of computer vision and machine learning–A scoping review. Res. Dev.
Disabil. 2021, 110, 103854. [CrossRef]

23. Papageorgiou, E.; Nieuwenhuys, A.; Vandekerckhove, I.; Van Campenhout, A.; Ortibus, E.; Desloovere, K. Systematic review on
gait classifications in children with cerebral palsy: An update. Gait Posture 2019, 69, 209–223. [CrossRef] [PubMed]

24. Tsitlakidis, S.; Schwarze, M.; Westhauser, F.; Heubisch, K.; Horsch, A.; Hagmann, S.; Wolf, S.I.; Götze, M. Gait Indices for
Characterization of Patients with Unilateral Cerebral Palsy. J. Clin. Med. 2020, 9, 3888. [CrossRef] [PubMed]

25. Rasmussen, H.M.; Nielsen, D.B.; Pedersen, N.W.; Overgaard, S.; Holsgaard-Larsen, A. Gait Deviation Index, Gait Profile Score
and Gait Variable Score in children with spastic cerebral palsy: Intra-rater reliability and agreement across two repeated sessions.
Gait Posture 2015, 42, 133–137. [CrossRef] [PubMed]

26. Baker, R.; McGinley, J.L.; Schwartz, M.H.; Beynon, S.; Rozumalski, A.; Graham, H.K.; Tirosh, O. The gait profile score and
movement analysis profile. Gait Posture 2009, 30, 265–269. [CrossRef] [PubMed]

27. Fitzgerald, D.; Hickey, C.; Delahunt, E.; Walsh, M.; O’Brien, T. Six-minute walk test in children with spastic cerebral palsy and
children developing typically. Pediatr. Phys. Ther. 2016, 28, 192–199. [CrossRef]

28. Guinet, A.; Desailly, E. Six-minute walk test (6MWT) in children with cerebral palsy. Systematic review and proposal of an
adapted version. Ann. Phys. Rehabil. Med. 2018, 61, e304. [CrossRef]

29. Thomason, P.; Tan, A.; Donnan, A.; Rodda, J.; Graham, H.K.; Narayanan, U. The Gait Outcomes Assessment List (GOAL):
Validation of a new assessment of gait function for children with cerebral palsy. Dev. Med. Child Neurol. 2018, 60, 618–623.
[CrossRef]

30. Palisano, R.J.; Hanna, S.E.; Rosenbaum, P.L.; Russell, D.J.; Walter, S.D.; Wood, E.P.; Raina, P.S.; Galuppi, B.E. Validation of a model
of gross motor function for children with cerebral palsy. Phys. Ther. 2000, 80, 974–985. [CrossRef]

31. Duran, I.; Stark, C.; Saglam, A.; Semmelweis, A.; Lioba Wunram, H.; Spiess, K.; Schoenau, E. Artificial intelligence to improve
efficiency of administration of gross motor function assessment in children with cerebral palsy. Dev. Med. Child Neurol. 2021,
64, 228–234. [CrossRef]

32. Brunton, L.K.; Bartlett, D.J. Validity and reliability of two abbreviated versions of the Gross Motor Function Measure. Phys. Ther.
2011, 91, 577–588. [CrossRef]

33. Margaretha, V.; Prananta, M.S.; Alam, A. Correlation between gross motor function classification system and communication
function classification system in children with cerebral palsy. Althea Med. J. 2017, 4, 221–227. [CrossRef]
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Abstract: Stroke remains one of the leading causes of disability in adults, and lower limb spasticity,
affected stance, and balance impact everyday life and activities of such patients. Robotic therapy and
assessment are becoming important tools to clinical evaluation for post-stroke rehabilitation. The
aim of this study was to determine in a more objective manner the effects of visual feedback balance
training through a balance trainer system and radial extracorporeal shock wave therapy (rESWT),
along with conventional physiotherapy, on lower limb post-stroke spasticity, trunk control, and static
and dynamic balance through clinical and stabilometric assessment. The study was designed as a
randomized controlled trial. The experimental group underwent conventional physiotherapy, visual
feedback balance training, and rESWT. The control group underwent conventional physiotherapy,
visual feedback training and sham rESWT. The statistical analysis was performed using GraphPad
Software and MATLAB. Primary clinical outcome measures were The Modified Ashworth Scale
(MAS), passive range of motion (PROM), Visual Analogue Scale (VAS), and Clonus score. Secondary
outcome measures were trunk performance, sensorimotor, and lower limb function. Stabilomet-
ric outcome measures were trunk control, static balance, and dynamic balance. Visual feedback
training using the Prokin system and rESWT intervention, along with conventional physiotherapy,
yielded statistically significant improvement both on clinical and stabilometric outcome measures,
enhancing static and dynamic balance, trunk performance, sensorimotor outcome, and limb func-
tion and considerably diminishing lower limb spasticity, pain intensity, and clonus score in the
experimental group.

Keywords: radial extracorporeal shock wave therapy; stroke; spasticity; balance trainer; stabilometric
assessment; neurological rehabilitation

1. Introduction

Stroke remains one of the leading causes of death and disability all over the world [1–3].
Trunk control and sitting balance are commonly affected in post-stroke patients and are
considered important features to predict functional outcome and hospital stay [4–9]. More-
over, balance and gait impairments are known to highly interfere within the recovery
process of standing and walking ability in post-stroke patients [10–12]. Another impor-
tant characteristic in many post-stroke patients is spasticity, along with muscle weakness,
sensorimotor deficits, and cognitive impairments [13–15]. In addition, trunk impairment,
spasticity grade, poor balance, and altered stance in post-stroke patients are increasing the
risk for falls and impaired mobility [14].
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Trunk deviations may also imply balance deficit, gait impairment, and diminished
functional ability, but core stability exercises may also provide more efficient use of the
lower limbs for static and dynamic balance, as well as for gait [7,15–18]. Given that, in
the acute phase of stroke, trunk function is a major indicator for functional independence
outcome, clinical assessments for trunk deviations and lower extremity tests are both used,
predicting independent walking at six months [19,20]. To ensure an adapted rehabilitation
program and assess the main determinant, it is important to differentiate the intrinsic trunk
control deficiency from underlying lower extremity deficits. Nevertheless, to our knowl-
edge, it has not yet been evaluated, nor determined, to what extent trunk deficits and lower
limb post-stroke spasticity may correlate and impact stance and balance in post-stroke
patients. Therefore, the aim of our study was to assess, in a more objective, global manner,
both clinically and through stabilometric system Prokin, the relationship between stance,
balance, trunk deviations, and lower limb post-stroke spasticity. Moreover, the trial aimed
to determine whether conventional physical therapy in conjunction with visual feedback
balance training and two radial extracorporeal shock wave therapy (rESWT) sessions might
have a positive impact on stance, balance, and spasticity grade, and we assessed their
relationship with trunk performance in post-stroke patients. Additional primary and sec-
ondary outcome measures were also evaluated. Core stability exercises and visual feedback
training were used, with promising results [4,10,16,21,22]. The stabilometric computerized
system is both an assessment tool and a training system for static, dynamic balance, and
trunk. To date, it was used in various clinical trials as a training tool for promoting stance
and balance improvement in several neurorehabilitation programs [10,23,24].

For spasticity management, along with physical therapy programs, anti-spastic med-
ications or botulinum toxin type A injections, selective neurotomy, chemical neurolysis,
and orthopedic surgery, techniques, such as whole body vibration, local muscle vibration,
neuromuscular electrical stimulation (NMES), and therapeutic ultrasound, were also used,
but there is no clear consensus yet regarding their long-term effects, number or sessions, or
duration of treatment [25]. The whole body vibration seemed to reduce lower limb spas-
ticity in cerebral palsy patients, and local muscle vibration therapy granted effectiveness
in the management of chronic post-stroke patients [26,27]. In addition, NMES alone or
combined with other interventions showed beneficial effects on lower limb motor function
in chronic stroke patients [28]. Therapeutic ultrasound seemed to have good efficacy when
also compared to extracorporeal shock wave therapy (ESWT) [29]. During the last few
years, extracorporeal shock wave therapy, a novel, non-invasive intervention has become a
potential therapy in the non-invasive management of post-stroke spasticity, with promising
results also on the long-term [29–32]. The principle of this therapeutic intervention involves
a sequence of an acoustic pulse producing high peak pressure, fast rise in pressure, and
short time cycle targeting the wanted area and providing effective outcomes [29,33]. The
mechanism of propagation of the shock wave refers either to radial extracorporeal shock
wave therapy (rESWT) or focused extracorporeal shock wave therapy (fESWT). rESWT
actions on a larger interventional area and delivers the high energy in the superficial tissue,
modifying globally the mechanical properties of the muscle, in comparison to fESWT,
where the shock wave action is delivered to a selected, deeper intervention area [29–31].

Considering the rESWT mechanism of action and its positive results from the literature
with regard to spasticity, we aimed to assess rESWT effects in conjunction with conventional
physiotherapy and balance training for post-stroke patients affected by lower limb spasticity.
Therefore, we conducted a randomized controlled trial to further investigate and assess the
relationship between lower limb spasticity and trunk deficits during static and dynamic
balance in post-stroke patients who underwent either rESWT or sham rESWT intervention,
visual feedback balance training using the Prokin system, and conventional physical
therapy. The stabilometric assessment complemented the clinical evaluation and also
provided an objective evaluation of combined therapeutic effect of the used therapies.
Additional outcomes focused on the effectiveness of rESWT delivery on pain intensity,
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clonus, passive range of motion, lower limb sensorimotor function, and functionality. The
adverse events were also attentively monitored during the trial.

2. Materials and Methods

2.1. Ethical Approval

The present study was conducted according to the Declaration of Helsinki, the guide-
lines for Consolidated Standards of Reporting Trials (CONSORT) and the CONSORT
Statement [34]. The study protocol was approved by the Ethics Committee of the Elias
University Emergency Hospital, Bucharest, Romania, Prot. No. 2090/C.E. Written informed
consent was received from all participants taking part in the study, as well as from their
relatives, when necessary.

2.2. Study Design

The study is designed as a prospective, double-blind randomized controlled trial,
single-center, with an intention-to-treat analysis, and two groups with 1:1 allocation ratio.
Patients were recruited between January 2021 and August 2021 during the pandemic
COVID-19 period and were randomly allocated either to a control or an experimental
group. The allocation method was concealed in numbered, opaque, sealed envelopes. The
recruitment of patients, conventional rehabilitation program, intervention delivery, and
data collection were performed at the Physical and Rehabilitation Medicine Department,
Elias University Emergency Hospital, Bucharest, Romania.

2.3. Study Participants

A total of 273 patients admitted to the Physical and Rehabilitation Medicine Depart-
ment, Elias University Emergency Hospital, Bucharest, Romania, between January 2021
and August 2021, were evaluated for eligibility, and 39 patients met the eligibility criteria.
Seven participants declined to take part in the study (n = 7), and four participants were not
able to initiate the rehabilitation program because of interfering acute diseases (n = 4), other
complications (n = 4). One patient was not able to complete the rehabilitation program due
to early discharge related to personal and family matters (n = 1). The final analysis and
results are based on 23 patients with post-stroke lower limb spasticity who were enrolled
and completed the study. No significant differences were found at the baseline comparison.
Post-treatment data for the patients not completing the study were not available.

Patients with stroke were included if they stated the following inclusion criteria: (1) a
hemorrhagic or ischemic stroke in acute, subacute, or chronic phase; (2) no history of previ-
ous stroke; (3) lower limb post-stroke spasticity and spasticity grade ≥ 1 on the Modified
Ashworth Scale (MAS); (4) pain intensity measured on Visual Analogue Scale (VAS) ≥ 1;
(5) ability to stand unassisted in upright position for 30 s; (6) no change in anti-spastic drug
dose or treatment, and no changes in analgesic medication, as it could affect the results
on the Modified Ashworth Scale and the Visual Analogue Scale; and (7) adult patients
(>18 years old). Exclusion criteria consisted of: (1) other neurological and orthopedic disor-
ders or lower limb deformities that could interfere with motor performance and balance;
(2) myopathies; (3) severe cognitive impairment, severe aphasia or inability to understand
instructions; (4) severe spasticity; (5) visual field conditions or hemineglect; (6) patients
unable to undergo follow-up evaluation and excluded from the final analysis; and (7) anti-
coagulant medication or any contraindication to receive rESWT, or any contraindication
to physical therapy. Informed consent was obtained from all the patients prior to their
participation, and the study was approved by the hospital’s Ethics Committee according to
the Declaration of Helsinki.

In the study and final analysis, there were enrolled 13 male patients and 10 female
patients, with an average age of 68.18 ± 11.51 years old in the control group and 60.33 ± 11.5
in the experimental group. The average duration of disease was of 24.97 ± 34.17 months
in the control group and 25.02 ± 39.23 in the experimental group. There were 17 cases
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diagnosed with ischemic stroke based on cerebral MRI or cerebral CT scan, and 6 cases
diagnosed with hemorrhagic stroke.

2.4. Radial Extracorporeal Shock Wave Therapy (rESWT) Intervention

Conventional physiotherapy could be defined as the therapeutic interventions and
techniques carried out in accordance to each rehabilitation department. In our study, we
referred to it as a treatment involving any of the following practices and therapies for
post-stroke patients (range of motion exercises, stretching, stance and balance training,
core stability exercises, gait training, functional training, physical agents and other ther-
apies, orthoses, braces, etc.). Both groups had the same conventional physical therapy
program, consisting of techniques of verticalization, passive and active movements, stretch-
ing exercises, stance and balance techniques, gait training, functional training, therapeutic
massage, local heat, or cryotherapy. The conventional physiotherapy program lasted
1 h/day, 5 days/week, for 2 weeks. A summary of the parameters for the control group
and the experimental group is presented in Table 1.

Table 1. Therapeutic interventions and parameters for the control group and the experimental group.

Control Group Experimental Group

Treatment type CP+sham rESWT+Prokin CP+rESWT+Prokin

CP session length
1 h/day;

5 days/week;
2 weeks

1 h/day;
5 days/week;

2 weeks

rESWT session length
7 min/session;

1 session/week;
2 weeks

7 min/session;
1 session/week;

2 weeks

Visual feedback session length
20 min/day;

5 times/week;
2 weeks

20 min/day;
5 times/week;

2 weeks
Abbreviations: CP: conventional physiotherapy; rESWT: radial extracorporeal shock wave therapy; sham rESWT:
sham radial extracorporeal shock wave therapy.

After performing the baseline screening and assessment, random allocation was
used to generate allocation sequence and assign the patients to one of the two groups.
Patients considered eligible were assigned to an experimental group (receiving conventional
physiotherapy, visual feedback balance training using the Prokin and rESWT) or a control
group (receiving conventional physiotherapy, visual feedback balance training using the
Prokin and sham rESWT). Treatment allocation was concealed from all the participants and
the outcome assessors during the trial.

After choosing the intervention site, rESWT (Endopuls 811; Enraf Nonius B.V. Vare-
seweg 127, 3047 AT Rotterdam MedTech, The Netherlands) was applied at the myotendi-
nous junction of both the gastrocnemius and the soleus muscles in post-stroke spasticity
patients. No ultrasonography was used to detect the intervention site. All the patients
completed two rESWT sessions once a week for two weeks. Participants were comfortably
placed during the rESWT intervention, and 2000 shots were applied on the gastrocnemius
and soleus myotendinous junction with a frequency of 10 Hz and energy density of 60 mJ
(1 bar), within tolerable pain limits. The control group received sound over the myotendi-
nous junction of gastrocnemius and soleus with transducer-like contact. Treatment sessions
lasted for approximately 7 min each, 2 sessions in total, 1 session/week, for 2 weeks, for
sham rESWT and rESWT. The rESWT and sham rESWT sessions were delivered during the
hospital stay, 15 min after the conventional rehabilitation program and the visual feedback
balance training. Figure 1 presents the rESWT delivery.
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Figure 1. Radial extracorporeal shock wave therapy delivery on a patient from the clinical trial;
original picture taken by the author EE Mihai in the Department of Physical and Rehabilitation
Medicine, Elias University Emergency Hospital, Bucharest, using a digital camera (Nikon D3300;
Nikon Corporation, Tokyo, Japan).

Clinical and stabilometric assessments were performed before the first rESWT session
and the beginning of physical therapy program. The second evaluation was performed at
the end of the rehabilitation program, after the last session of treatment by the same assessor,
who also performed the first assessment. Adverse events were attentively monitored during
the study.

2.5. Visual Feedback Balance Training Using the Prokin

All the patients in the experimental and the control group performed visual feedback
balance training using Prokin, in addition to the conventional rehabilitation program,
rESWT intervention, and sham rESWT, respectively. They were given precise information,
and they were asked to wear normal clothing in order to create a more friendly environment
during the session. Each training session lasted for 20 min/day, 5 times/week, for 2 weeks,
and was delivered 15 min after the conventional physiotherapy program, as post-stroke
patients are usually becoming easily fatigued. Through real-time visual feedback, patients
were asked to move their Center of Pressure (CoP) in different directions, maintaining
the specified area on the screen. They had to move forward, backward, sideways, and to
perform a circular motion. For trunk training, they had to perform the same movements
while they were seated on the specific Prokin trunk sensor. The patients were also given
the possibility to play one game of their choice at the end of the training. Figure 2 shows
one of the patients on the stabilometric system, Prokin balance trainer, and assessment tool.

2.6. Clinical Outcome Measures and Methods of Clinical Evaluation

The primary clinical outcome measures were spasticity grade assessed using the
Modified Ashworth Scale (MAS), knee and ankle passive range of motion (PROM), pain
intensity evaluated through Visual Analogue Scale (VAS), and Clonus score. For the MAS
evaluation for gastrocnemius and soleus muscles, patients were laying in supine position
with the knee fully extended and the joint stabilized. The MAS measures muscle resistance
during passive muscle stretching. The MAS score ranges from 0 (no increase in muscle tone)
to 4 (rigid) and includes a rating of 1+. For a suitable statistical analysis, a MAS grade 1+ was
matched to 2 points and grade 2, 3, and 4 were matched to 3, 4, and 5 points, respectively.
Knee and ankle passive mobility were assessed by PROM, using a hand-held goniometer,
and summing the angles of maximum plantar flexion and dorsiflexion. Pain intensity was
evaluated by the VAS using a vertical 10-cm line (starting pain-free to the worst imaginable
pain). The Clonus score evaluated the beats’ number up to sustained clonus.
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Figure 2. Patient from the clinical trial during a session of visual feedback balance training and
stabilometric assessment using the Prokin system; original picture taken by the author EE Mihai
in the Department of Physical and Rehabilitation Medicine, Elias University Emergency Hospital,
Bucharest, using a digital camera (Nikon D3300; Nikon Corporation, Tokyo, Japan).

The secondary outcomes were gait and balance assessed by Tinetti Assessment Tool,
Functional Ambulation Categories (FAC), and Fugl-Meyer Assessment for Lower Extremity
(FMA-LE). FMA-LE assessed lower limb sensorimotor impairment, and Trunk Impairment
Scale (TIS) evaluated static and dynamic sitting balance and trunk coordination in a sitting
position. The functional impairments were assessed through Tinetti Assessment Tool and
FAC. The outcomes were classified in relation to the baseline (T0) and the follow-up period
after two sessions of rESWT intervention or sham rESWT intervention(T1), and between
the control and the experimental group. ESWT was applied once a week for two weeks, and
the assessment was performed pre-treatment and after the second session. The assessment
was conducted at baseline and follow-up by the same blind assessor, who did not know
which patients underwent rESWT or sham rESWT.

2.7. Stabilometric Assessment

The stabilometric assessment was performed by a blind assessor using the Prokin
system (PK 252, TecnoBody, Bergamo, Italy), and the assessor did not know which patients
underwent rESWT or sham rESWT. Prokin system consists of a force-sensitive stabilometric
platform which assists with the assessment of trunk, stance, and static and dynamic balance.
Additionally to clinical measures, we aimed to evaluate stance and balance in an objective
manner, while correlating the clinical assessment with the data obtained using the Prokin
system. Focusing on an objective approach and trying to recreate a daily life environment,
the patients were asked to wear comfortable clothing. They were given precise instructions
and were reminded of them when needed; they were positioned in a standardized way
on the stabilometric platform (barefoot or wearing socks, but no footwear), and the feet
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position was adapted by using a Y shaped frame (called yova) with a 3-cm distance between
the internal malleoli. In addition, the medial border of the feet was rotated 12 degrees
in correlation with the anteroposterior axis. Patients were instructed to stand still, keep
their arms by their sides, and look ahead at the screen positioned in front of them focusing
on a stationary or moving target. Each participant performed various tests in standing
position and also in seated position, allowing the evaluation of stance, balance, and trunk.
In addition, the tests were performed either with eyes open (EO) or eyes closed (EC),
and a skilled physiotherapist stood behind the patient to prevent any risk of falls. The
perimeter and the ellipse area for static balance, dynamic balance, and trunk parameters
were measured, and results were evaluated accordingly.

Clinical evaluation and stabilometric assessment using the Prokin system at baseline
and follow-up were both performed in two sessions. Conventional rehabilitation program,
visual feedback balance training using the Prokin, and rESWT or sham rESWT intervention,
clinical evaluation, and instrumental assessment were performed, and patients were asked
to use the same comfortable clothing, the same conditions were recreated and instructions
were once again given to all the participants. For both the control group and experimental
group, none of the patients experienced loss of balance during stabilometric assessment in
any of the sensory conditions. None of the patients suffered any accident or fall during the
assessments and study duration, physiotherapy program, nor during hospitalization. In
addition, no adverse events related to rESWT intervention were reported during or after
sessions. The stabilometric assessment using the Prokin platform was carried out by the
same experienced physiotherapist, who was not involved in the screening, randomization
sequence, baseline evaluation, and follow-up.

2.8. Statistical Analysis

The assessment of all the patients was conducted before and after the intervention.
Patient characteristics were described as the mean and standard deviation for the control
and the experimental group for the continuous data. The Pearson’s Chi-square test was
used when analyzing differences in categorical variables, and the Mann–Whitney U test
and Independent t-test were used for continuous variables. The change score was also
used to show the difference between the pre- and post-treatment, both for clinical outcome
measures and stabilometric outcome measures. The change in outcome measures was
compared between the control and the experimental group by means of the Mann–Whitney
U test and Independent t-test.

All the statistical analyses were performed using GraphPad Software (San Diego, CA,
USA) and MATLAB (R2016a, The MathWorks, Inc., Natick, MA, USA) to determine the
variables of interest. The null hypothesis was rejected when the critical test statistical
value α was exceeded by the F value/t value. A p-value < 0.05 was considered to be
statistically significant.

3. Results

Figure 3 shows the study flow diagram and patient allocation. Out of the 273 par-
ticipants screened, 24 patients were randomly assigned, with 12 patients either in
the control group or the experimental group. One patient in the control group was
discharged earlier due to personal matters and was excluded from the analysis. There-
fore, the patients were randomized into two groups: a control group (n = 11) and an
experimental group (n = 12).

Table 2 presents the characteristics of control and experimental group at baseline.
No differences were identified among the groups related to the demographic variables,
stroke type, affected side of the body, time since stroke onset, nor clinical and stabilometric
outcomes. Comparisons between the groups showed homogeneity at baseline for all
the parameters.
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Figure 3. CONSORT 2010 Flow Diagram and patient allocation. Abbreviation: rESWT: radial
extracorporeal shock wave therapy.

Table 2. Characteristics of participants at baseline, clinical, and stabilometric outcome measures.

CG (Mean, SD) EG (Mean, SD) p-Value

Variables n, 11 n, 12
Age (years) 68.18 (11.51) 60.33 (11.5) 0.11 a

Weight (kg) 77.50 (11.53) 75.32 (17.88) 0.72 a

Height (cm) 174.09 (8.08) 171.16 (10.77) 0.46 a

Time since stroke onset (months) 24.97 (34.17) 25.02 (39.23) 0.99 a

Gender (M/F) 7/4 6/6
Stroke type (Ischemic/Hemorrhagic) 8/3 9/3 0.5 c

Affected side of the body (Right/Left) 6/5 4/8 0.87 c

Clinical outcome measures

MAS 2.54 (0.52) 2.58 (0.51) 0.86 a

Knee PROM (degrees) 116.90 (5.16) 116 (4.78) 0.66 a

Ankle PROM (degrees) 39.27 (3.16) 39.91 (4.1) 0.65 a

VAS 3.09 (1.13) 3 (1.12) 0.84 a

Clonus Score 2.36 (1.28) 2.25 (1.23) 0.82 a

TIS 14.63 (2.33) 14.58 (2.71) 0.85 b

Tinetti Assessment Tool 15.81 (4.33) 14.83 (5.62) 0.53 b

FAC 4.72 (0.9) 4.58 (1.37) 1.00 b

FMA-LE 19.27 (1.95) 19.66 (2.1) 0.60 b

Stabilometric outcome measures

Dynamic 4.74 (1.04) 5.27 (3.01) 0.57 a

Trunk 202.54 (112.36) 193.21 (114.75) 0.84 a

Limits of stability 46.82 (9.17) 52.23 (20.44) 0.41 a

Static perimeter, mm (EO) 660.09 (289.16) 626.52 (244.94) 0.76 a

Static ellipse area, mm2 (EO) 537.60 (95.62) 539.98 (276.06) 0.98 a

Static perimeter, mm (EC) 1079.28 (558.89) 1147.16(492.65) 0.76 a

Static ellipse area, mm2 (EC) 1092.48 (661.60) 1111.07 (467.81) 0.93 a

Abbreviations: CG: control group; EC: eyes closed; EG: experimental group; EO: eyes open; FAC: Functional
Ambulation Categories; FMA-LE: Fugl-Meyer Assessment for Lower Extremity; MAS: Modified Ashworth Scale;
M/F: Male/Female ratio; PROM: passive range of motion; SD: standard deviation; TIS: Trunk Impairment Scale;
VAS: Visual Analogue Scale. Differences between groups were calculated by Independent t-test a, Mann–Whitney
U test b or Pearson’s Chi-square test c depending on the data. p-value < 0.05.
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3.1. Clinical Outcome Measures

Table 3 presents the comparison of the intervention effect among control and experi-
mental group for primary and secondary clinical outcome measures. p-value shows the
inter-group differences of the change score. For the primary and secondary clinical out-
come measures, patients from the experimental group showed significant improvement
compared to the control group in all the outcome measures except for knee PROM, TIS,
and FAC.

Table 3. Comparison of change score of clinical outcome measures between CG and EG post-treatment.

Clinical Outcome
Measures

CG (Mean, SD)
n = 11

Post-Treatment
Change Score

EG (Mean, SD)
n = 12

Post-Treatment
Change Score Diff. p-Value

MAS 2.18 (0.75) 0.36 1.50 (0.52) 1.08 0.72 0.02 a

Knee PROM (degrees) 122.63 (5.4) 5.73 126.33 (3.96) 10.33 4.6 0.07 a

Ankle PROM (degrees) 44.09 (3.47) 4.82 48.33 (2.26) 8.17 3.35 0.03 a

VAS 2.09 (1.22) 1 1 (0.85) 2 1 0.02 a

Clonus score 1.90 (1.13) 0.46 0.83 (0.83) 1.42 0.96 0.01 a

TIS 17.54 (2.06) 2.91 18.66 (2.38) 4.08 1.17 0.2 a

Tinetti Assessment Tool 21.09 (3.50) 5.28 24.66 (2.83) 9.83 4.55 0.02 b

FAC 5.45 (0.82) 0.73 5.5 (0.79) 0.92 0.19 0.92 b

FMA-LE 22.36 (2.06) 3.09 24.75 (2.01) 5.09 2 0.01 b

Abbreviations: CG: control group; Diff: Difference of the change score; EG: experimental group; FAC: Functional
Ambulation Categories; FMA-LE: Fugl-Meyer Assessment for Lower Extremity; MAS: Modified Ashworth Scale;
PROM: passive range of motion; SD: standard deviation; TIS: Trunk Impairment Scale; VAS: Visual Analogue
Scale. Differences between groups were calculated by Independent t-test a and Mann–Whitney U test b depending
on the data. p-value < 0.05.

The change score for the MAS was 1.08 in the experimental group, while, in the control
group, it was 0.36, (p-value < 0.02). For ankle PROM, a statistically significant improvement
was also stated, with a change score of 8.17 in the experimental group and 4.82 in the
control group, (p-value < 0.03).

For the pain intensity assessment through VAS, the change score was 2 points in the
experimental group, while the change score in the control group was 1 point, showing a
statistically significant difference between the two groups after the intervention, (p-value of
0.02). Regarding the Clonus score, the score in the control group was 0.46 points, while, in
the experimental group, it was 1.42 points (p-value < 0.01).

As for the other parameters, such as Tinetti Assessment Tool, the experimental group
showed a change score of 9.83 points compared to the control group, which showed a
change of 5.28 points (p-value < 0.02). With regard to the FMA-LE, the experimental
group scored 5.09 points in the change score, and the control group registered 3.09 points
(p-value < 0.01).

3.2. Stabilometric Outcome Measures

The stabilometric outcome measures evaluated using the Prokin system after the in-
tervention are presented in Table 4. All the parameters showed statistically significant im-
provement, except for perimeter with eyes closed (EC). However, before the intervention,
there were no differences between the control and the experimental group. Regarding
the dynamic balance, the experimental group showed a change score of 2.17 compared
to the control group, which registered a change score of 0.35 (p-value < 0.03). As for
limits of stability testing, there was a score change of 265.64 points in the experimen-
tal group compared to the control group, where the change score was 109.04 points
(p-value < 0.02).
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Table 4. Comparison of change score of stabilometric outcome measures between CG and
EG post-treatment.

Stabilometric Outcome
Measures

CG (Mean, SD)
n = 11

Post-Treatment
Change Score

EG (Mean, SD)
n = 12

Post-Treatment
Change Score Diff. p-Value

Dynamic 4.39 (0.86) 0.35 3.10 (1.66) 2.17 1.82 0.03
Trunk 311.58 (128.28) 109.04 458.85 (166.33) 265.64 156.6 0.02

Limits of stability 51.92 (7.76) 5.1 68.37 (19.12) 16.14 11.04 0.01
Static-perimeter, mm (EO) 624.52 (201.91) 35.57 424.48 (108.40) 202.04 166.47 0.01

Static-ellipse area, mm2 (EO) 482.81 (147.31) 54.79 328.59 (182.17) 211.39 156.60 0.03
Static-perimeter, mm (EC) 943.53 (412.42) 135.75 734.02 (332.75) 413.14 277.39 0.1

Static-ellipse area, mm2 (EC) 1021.83 (583.39) 70.65 609.77 (128.26) 501.30 430.65 0.04

Abbreviations: CG: control group; Diff: Difference of the change score; EC: eyes closed; EG: experimental group;
EO: eyes open; SD: standard deviation. Differences between groups were calculated by means of the Independent
t-test. p-value < 0.05.

Concerning the trunk analysis, a statistically significant improvement was found (p-
value < 0.02) in the experimental group, with a change score of 156.6. Regarding the static
balance, the assessment of perimeter with eyes open (EO), ellipse area with EO, and ellipse
area with EC showed that scores were significantly decreased after conventional physical
therapy, Prokin visual feedback balance training, and rESWT intervention (p-value < 0.05)
in the experimental group, compared to the control group.

Figures 4–6 present the data processed through MATLAB for one representative pa-
tient from the control and the experimental group pre- and post-treatment. Figure 4 showed
that the experimental group gained a more pronounced improvement regarding the path
recorded by the CoP for 30 s, which became more stable after the application of rESWT,
visual feedback balance training, and conventional physiotherapy for the static stabilo-
metric assessment. Regarding the dynamic stabilometric assessment, Figure 5 showed a
smoother CoP path and a reduction of CoP path length for the experimental group after
the intervention and, therefore, improvements for stance and dynamic balance. Figure 6
showed the processed data from trunk stabilometric assessment for trunk stability in the
experimental group compared to the control group.

 
(a) (b) 

Figure 4. Static stabilometric assessment with eyes open and eyes closed for one representative
patient in the control group (a) and experimental group (b) pre- and post-treatment. Abbreviations:
T0: pre-treatment; T1: post-treatment.
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(a) (b) 

Figure 5. Dynamic stabilometric assessment for one representative patient in the control group (a) and
experimental group (b) pre- and post-treatment. Abbreviations: T0: pre-treatment; T1: post-treatment.

 
(a) (b) 

Figure 6. Trunk stabilometric assessment for one representative patient in the control group (a) and
experimental group (b) pre- and post-treatment. Abbreviations: T0: pre-treatment; T1: post-treatment.

No adverse events, such as muscle hematoma, focal edema, pain, or skin petechiae,
were reported during the study. No falls were registered, either, and all patients were
assessed according to the study protocol.

4. Discussion

Post-stroke patients are often affected by limb spasticity, strength deficits, loss of func-
tion, loss of balance, and trunk deficits. Accordingly, novel interventions could complement
conventional rehabilitation and common medications used in neurorehabilitation with
satisfying results. This study’s results showed that additional visual feedback training
using the Prokin and rESWT intervention improved not only clinical parameters, but also
stabilometric parameters in the experimental group. Since the control group received sham
rESWT, and the results were less significant than in the experimental group, rESWT was
considered the main determinant, especially for the clinical parameters. An important
feature of the study is the objective, global assessment of post-stroke patients through
clinical and stabilometric parameters. In our trial, Prokin was used as a training tool, as
well as an assessment instrument.

To our knowledge, this is the first trial to assess, clinically and through stabilometric
parameters, the effects of both visual feedback training using the Prokin system and rESWT
intervention added to conventional physiotherapy for post-stroke survivors. In addition,
we expanded the trial on correlating trunk deficits with lower limb spasticity and the
cumulative effects of combined therapies on clinical and stabilometric outcome measures.

The visual feedback balance training and rESWT intervention added to conventional
physiotherapy were implemented aiming to improve stance, balance, trunk deficits, and
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to decrease lower limb spasticity grade. The results are consistent with previous studies
in which the main focus was either on core stability exercises, trunk training, or visual
feedback training [4,10,14]. Virtual reality added to conventional rehabilitation also showed
efficacy on improving balance and gait in neurologic patients [35,36]. As an additional
treatment technique to the conventional physiotherapy, visual feedback balance training
using the Prokin system has gained more interest since it enables patients to adjust their
stance, balance, and overall performance in real-time through visual dynamic feedback.
Therefore, patients were able to adapt the movement of the CoP and redress an abnormal
stance, consequently improving balance function. This training system offers a novel,
interactive tool as an alternative to sole conventional therapy. The training using the Prokin
system ensures the projection of a more accurate proprioceptive sensing map, which helps
the patient focus on regaining proprioceptive function, as well as to adjust more easily to
sensorimotor perturbations, and this could also explain the beneficial effects on static and
dynamic balance that we obtained in our study.

In our study, the experimental group showed a statistically significant change of the
stabilometric outcome measures compared to the control group. Both static and dynamic
balance were improved, which could also be correlated to the Tinetti Assessment Tool
score through Pearson correlation analysis, obtaining clinical and stabilometric enhance-
ment (p-value < 0.02). The dynamic module allowed the assessment and management
of instability by the patient, offering real-time insights into adjusting mechanisms, thus
allowing the patient to redress the stance, and, consequently, the balance, as well. The static
module assessed the patients through the oscillation of the CoP, area, and the parameter
of the CoP. For the experimental group, in the EO situation, area, as well as perimeter,
decreased dramatically. A possible explanation could be that, after rESWT intervention the
spasticity grade affecting the lower limb decreased, and the proprioceptive training was
also performed more easily, leading to the smoothness of oscillation and a more stable CoP
path. Moreover, these improvements may offer more information regarding the relationship
between lower limb spasticity, trunk deficits, and balance. Another possible explanation
could be related to the visual compensation, which can overcome the shortcomings of
proprioceptive and vestibular function deficiency, enhancing neuroplasticity and, there-
fore, treatment efficacy. The only stabilometric parameter which showed no statistically
significant change was perimeter in the EC situation.

The limits of stability assessed the participants’ ability to voluntarily sway to various
locations in space, as shown on the screen while tested. The measured parameters were
maximum CoP excursion, endpoint CoP excursion, and directional control. After the inter-
vention, both groups showed enhanced results, but the experimental group showed three
times better results compared to the control group, showing that the rESWT component
determined the more enhanced effect. The trunk module allowed the assessment of the
pelvic area in the sitting position, and the trunk sensor detected oscillations of the torso
in every direction. It offered information on peripheral control of the patient and possible
compensation for poor stance. Compensation strategies are factors which are usually seen
in post-stroke patients and sometimes interfere within the rehabilitation programs. Balance
control is a key feature associated with gait recovery and the probability of suffering a
fall in stroke patients, but adapted strategies and individualized rehabilitation programs
augment therapeutic efficacy in the long-term [10,37–39]. Regarding trunk control, the
stabilometric assessment showed a more pronounced effectiveness on this parameter in the
experimental group compared to the control group. The clinical parameters, such as spas-
ticity grade, clonus score, and passive range of motion, were also significantly enhanced for
the group receiving rESWT, compared to the group receiving sham rESWT. These results
may explain how adequate trunk control could lead to a smoother, more stable center of
pressure path and, therefore, better static and dynamic balance. In addition, improved
lower limb function could also enhance a more correct stance and balance.

Concerning spasticity grade assessed by the MAS, in one study, significant differences
were found between the control and the experimental group, but a change score of one
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point was required for considering a detectable clinical change in stroke participants [15].
However, it was also observed that there was a pronounced tendency for the patients
experiencing a more severe lower limb impairment to have more important trunk move-
ment deviations, which could be related to the stability ensured by lower extremity [15].
Although, in our study, we found a change score of 0.68 points between the control and the
experimental group, the change score in the experimental group post-treatment was 1.08
points and 0.36 points, respectively, in the control group. In our trial, patients with a higher
spasticity grade also experienced more trunk deficits, and the intervention effect showed
significant improvement of these parameters, both on clinical and stabilometric evalua-
tions. In contrast to what was observed in another study, the lower limb spasticity grade
improvements could not only be associated with transitory factors, since improvement
in lower limbs spasticity had a significantly positive impact on stance and balance at the
clinical and stabilometric evaluations and performance [4]. Accordingly, the relationship
between lower limb spasticity grade and trunk deficits cannot be excluded and should be
further analyzed.

The clinical improvement of MAS grade was three times greater in the experimental
group compared to the control group showing the effectiveness of the rESWT component on
spasticity management and also the dynamic real-time feedback through balance training.
These results are consist with those from other clinical trials [10,29,40]. Although knee
PROM showed no statistically significant improvement after the interventions, ankle
PROM showed statistically significant improvement, which could be explained by the site
of rESWT application and its effects on plantar flexor muscles and thus, on augmented
ankle PROM. Another explanation for more significant improvement of ankle PROM may
be related to the effects of rESWT on the entire muscle and the superficial tissue area. These
results are in accordance with other studies [30,40]. In a previous study, rESWT seemed to
provide greater improvement in ankle PROM than fESWT [29]. The difference between
rESWT and fESWT lies in the penetration depth and physical properties, but the clinical
difference is not yet determined [29]. However, to assess the effect on the muscle, reliable
measurements of muscle thickness on ultrasonography are correlated with the time frame,
as well as the side of the body [41]. Several studies have already showed that both rESWT
and fESWT were effective as novel, non-invasive therapies for spasticity management in
post-stroke patients [29,31,40]. In terms of lower limb pain intensity, the VAS showed better
scores in the experimental group, twice as ameliorated than in the control group which
received sham rESWT and Prokin visual feedback training, the results being consistent
with another trial which also showed the beneficial effects of rESWT on this endpoint [42].
The effects on pain intensity could be explained through the properties of extracorporeal
shock waves on the muscles and tendons, which was found to produce a long-term tissue
regeneration effect, as well as a prompt antalgic and anti-inflammatory result [31,43,44].
No improvement was found for the TIS and FAC, although TIS was significantly improved
in the experimental group. An explanation could be that many patients were already
in the chronic phase of stroke, and, although the clinical improvement was registered,
it was not found as statistically significant. Both Tinetti Assessment Tool and FMA-LE
showed amelioration, demonstrating statistically and clinically significant sensorimotor
and functional improvement. These parameters were also correlated with the stabilometric
outcome measures.

The present study also has some limitations. Firstly, the small sample size could
augment the overall effect of the intervention. However, correlations were performed,
and all the clinical and stabilometric parameters were cautiously evaluated and measured.
Secondly, study data might be limited since this is a single center trial. Nonetheless, this
could provide more accurate data from groups assessed by the same team in the same
medical unit and under the same circumstances. Thirdly, patients who could not tolerate the
upright position for at least 30 s could not be eligible to take part in our trial, which limited
the number of participants. Therefore, future research and larger samples of participants
are highly needed to assess the efficacy of visual feedback balance training using the Prokin
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system combined with rESWT and conventional physiotherapy program in treating post-
stroke patients, lower limb spasticity, and its relationship with trunk deficits and static and
dynamic balance.

Despite these limitations, the present study has proved that combined rESWT in-
tervention and visual feedback training, along with conventional physiotherapy, yielded
statistically significant improvement, both on clinical and stabilometric outcome measures,
enhancing static and dynamic balance, trunk performance, sensorimotor outcome, and limb
function and considerably diminishing lower limb spasticity, pain intensity, and clonus
score in the experimental group. Our results could also explain the relationship between
spasticity, trunk deficits, and poor balance, as well as the way they influence each other.

5. Conclusions

In conclusion, rESWT intervention and visual feedback balance training using the
Prokin system, along with conventional physiotherapy, improved trunk control and lower
limb spasticity, and static and dynamic balance, decreased pain intensity and clonus score,
and ameliorated the sensorimotor outcome and functionality in post-stroke patients. These
results need to be further confirmed by larger clinical trials, and future research should
further assess the effects of additional therapies as a complement to the conventional
physiotherapy, to establish protocols and guidelines and to provide the best insight into the
neurorehabilitation programs. Due to the COVID-19 pandemic, the hospitalization rate was
reduced, as well as the rehabilitation program and hospital stay. For future research, we aim
to recreate the study with a larger sample size, and a longer rehabilitation program during
hospital stay, perhaps in correlation with a tele-rehabilitation strategy after discharge, as
well. This would allow us track the progress and ensure continuity of the rehabilitation
program for post-stroke patients with benefits in both the short and the long-term.
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Abstract: Spasticity, a common stroke complication, can result in impairments and limitations in
the performance of activities and participation. In this study, we investigated the effectiveness
of a new dynamic splint on wrist and finger flexor muscle spasticity in chronic stroke survivors,
using a randomized controlled trial. Thirty chronic stroke survivors were recruited and randomly
allocated to either an experimental or control group; 25 completed the 6-week intervention program.
The participants in the experimental group were asked to wear the dynamic splint at least 6 h/day at
home, for the entire intervention. The participants in the control group did not wear any splint. All the
participants were evaluated 1 week before, immediately, and after 3 and 6 weeks of splint use, with
the modified Ashworth scale and the Fugl−Meyer assessment for upper extremity. User experience
was evaluated by a self-reported questionnaire after the 6-week intervention. The timed within-group
assessments showed a significant reduction in spasticity and improvements in functional movements
in the experimental group. We found differences, in favor of the experimental group, between
the groups after the intervention. The splint users indicated a very good satisfaction rating for
muscle tone reduction, comfort, and ease of use. Therefore, this new splint can be used for at-home
rehabilitation in chronic stroke patients with hemiparesis.

Keywords: stroke; spasticity; assistive technology

1. Introduction

Post-stroke spasticity is a common complication associated with other signs and symp-
toms of upper motor neuron syndrome, including agonist and antagonist co-contraction,
weakness, and lack of coordination. Stroke survivors with more severe paresis in the upper-
limb muscles have a higher risk for developing spasticity in the arm, and contractures of
the wrist and finger flexor muscles [1,2]. These problems often develop 6–8 weeks after a
stroke [3,4].

Spasticity limits muscle lengthening, which can lead to two consequences. First,
spastic muscles have a tendency to stay in a shortened position for longer periods, and
second, voluntary activities of antagonist muscles are frequently restricted [5]. An implicit
assumption exists that states that spasticity results in muscle fibers and connective tissue
changes that can lead to contractures [6,7]. Spasticity and contractures in the upperlimb can
significantly affect many activities of daily living or sleep, or can lead to a lesser ability to
function [8–10]. Without appropriate attention, stroke survivors with spasticity are at risk
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for developing a clenched fist, a hand that is deformed into a fist by permanent shortening
of the flexor muscles of the fingers and soft tissue [11].

When left in the immobilized state with the flexor synergy pattern after stroke, the
condition of the upper limbs progresses to a fibrotic state, which triggers changes in the
muscle fiber and sarcomere properties, and the development of early contractures [12].
In such conditions, prolonged muscle stretching is one of the most used treatments to man-
age spasticity and improve the viscoelastic properties of the muscle–tendon units [13,14].
Static stretching is a widely used type of prolonged muscle stretching, and may be applied
in different ways, including by self-stretching, clinical therapist’s hands, splints, orthoses,
or other physical modalities [13–18].

Splints can provide a safe low-load force to the spastic muscles, which facilitates
muscle relaxation, maintains muscle length, and prevents contractures [19], thereby having
widespread uses in many clinic settings. However, some previous studies did not support
the effectiveness of hand splinting [20,21]. Systematic review research, conducted by
Lannin and Herbert, concluded that there was insufficient evidence to either support or
refute the effectiveness of hand splinting for adults, following stroke [22]. The effects of
splinting may not be long lasting because of a failure to comply with the recommended
procedures, and a lack of understanding of the effective dose of stretching within the
rehabilitation process. A clear definition of “prolonged”, with regard to the duration of
stretch, is not yet clear, and further research is required to determine the most appropriate
technique and duration to produce the desired effect. Moreover, some studies were
conducted with a static splint, an immobilization or supportive splint [20,21]. It has no
moving components, and only provides support and immobilization. The position of the
static splint sets the wrist/hand in a fixed position. However, the level of spasticity varies
during daytime, resulting in different positions of the wrist/hand. The chosen position
of the static splint might not be adequate to manage these varying levels of spasticity.
By contrast, compared with static splints, a dynamic splint has a static base onto which
levels, springs, or pulleys can be attached. It can deliver various stretching options, such as
a prolonged or short duration with a high or low intensity of force to counteract the
different levels of spasticity. As a result, a dynamic splint is superior, offering more benefits,
such as reducing spasticity, allowing comfortable stretch, repositioning fingers in extension
positions, and increasing hand performance [23].

In many of the cases we have observed, patients did not like to wear such splints or
orthoses. About 33–50% of stroke patients did not wear static splints or orthoses daily for
>8 has advised because of discomfort [24]. They complained about an increase in pain and
spasticity, which makes it difficult to endure the splints or orthoses for a longer period each
day [24]. This discomfort can be a result of the static characteristics of the splints. During
moments with high levels of spasticity, the wrist tries to flex against the splints, which can
cause pain, pressure sores over the bony prominences (e.g., radial or ulna styloid process),
and even wrist or finger flexor hypertonicity, as a result of the pain stimulus. However,
without an appropriate splint design to keep the wrist and fingers firmly in the stretched
state, both will try to shorten, leading to a lack of stretch.

In recent years, the introduction of 3D-printing techniques in orthopedic and rehabili-
tation practices has been extensively discussed, because the use of such techniques renders
it possible to customize splints or orthoses as well as enhance patient treatment satisfaction
levels [25,26]. Varieties of 3D-printed splints have been reported to address deficiencies of
the post-stroke spastic hand [16,27–29]. Most of them employed finger caps with elastic
cords to stretch the fingers apart in an extension. However, when the degree of finger
flexor spasticity is large, it becomes difficult to wear the splint with finger caps against the
tension in stretching elastic cords simultaneously. Moreover, these 3D-printed splints had
finger enclosures that did not allow the user to have any proprioceptive feedback when
picking up the objects. Accordingly, proprioceptive feedback is essential for planning and
controlling the limb postures and movements needed for the successful accomplishment of
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most common motor tasks [30,31]. Finger enclosures may hinder paretic limb detection
ability, potentially leading to decreased finger movements.

To overcome the problems, we developed a dynamic splint based on a pulley rotation
design. The results demonstrated the beneficial effects of this dynamic splint in eight
chronic stroke patients, during a 4-week intervention [32]. However, the dynamic splint
was found to have some limitations in some chronic stroke survivors. First, it was difficult
to maintain the fingers firmly in the stretched state because the string tended to lose its
tension when encountering cases of severe spasticity. In addition, chronic hemiparetic
stroke patients were required to put each string of the finger cap on each finger, respectively,
so that each finger could be stretched; they found it somehow difficult to handle these
strings alone. To resolve these issues, we improved the design and simplified its operations.
As a result, we developed a new dynamic splint using a four-bar linkage mechanism as
a hand joint exoskeleton to fit the range of finger trajectories. This dynamic splint was
intended to be effective in reducing spasticity, easy to fabricate, convenient to operate,
and comfortable to wear. Moreover, based on our previous research, we observed that
chronic stroke patients who wore the dynamic splints for longer than scheduled showed
tremendous improvement, as compared to the group who had a schedule of wearing the
splints 3 h a day [32]. A previous study had also indicated that the use of a dynamic splint
for at least 6 h per day significantly reduced wrist contractures, causing less pain [17].
Therefore, the primary aim of this study was to evaluate the effect of this new dynamic
splint on hand motor function and spasticity in chronic hemiparetic stroke survivors. The
secondary aim was to describe the self-reported experiences after the use of this new
dynamic splint. We hypothesized that these stroke survivors would be able to relieve
their wrist and finger flexors hypertonia, thereby enhancing hand motor function after
wearing this dynamic splint. They were able to endure this splint for the prescribed 6 h a
day without discomfort.

2. Materials and Methods

2.1. Participants

Thirty participants were recruited from outpatients visiting in the Kaohsiung Med-
ical University Hospital. Participants were included if they met the following criteria:
(1) were >18 years of age, (2) had a first-ever stroke resulting in upper-limb spastic hemi-
plegia >1year before admission to the study, and (3) had upper-limb spasticity (modified
Ashworth scale (MAS) scores of 1–3 at the wrist and/or finger flexors). Participants were
excluded if they (1) had deficits in language or cognitive impairments that were likely
to interfere with their cooperation in the study, (2) presented with severe upper-limb
contractures, and (3) had received botulinum toxin injections <6 months prior to study
admission. Participants taking oral anti-spastic drugs were only included in the study
if the dosage had not been changed during the month before joining. All participants
provided informed written consent. The study was conducted in accordance with the
Declaration of Helsinki Ethical Principles and Good Clinical Practices and was approved
by the Institutional Review Board of Kaohsiung Medical University Chung-Ho Memorial
Hospital (KMHIRB-F(I)-20200017).

2.2. Intervention

We randomly assigned participants following a simple randomization procedure
(computerized random numbers) to an experimental or a control group. Both groups
received the conventional rehabilitation therapy by experienced therapists, including
putting patient’s limbs in a normal position, the stretching technique of the wrist/finger
flexor muscles, proprioceptive neuromuscular facilitation (PNF), neurodevelopmental
technique (NDT), and task-oriented training to enhance the motor function and sensory
function of the wrist and hand, and activities of daily living training for upper limb.
Conventional rehabilitation therapy was performed 3 times per week, for 40 min per time
during the 6-week intervention. Participants in the experimental group were asked to
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wear a custom-made, dynamic 3D-printed hand–wrist splint for at least 6 h per day at
home for the 6-week intervention. Participants or caregivers who helped apply the splint
self-recorded their actual daily splint wearing time in a diary. Participants in the control
group did not wear a hand splint for the study period and were advised to stretch their
wrist or finger flexors in a home exercise program.

The study flowchart is illustrated in Figure 1. We assessed the participants in both
groups four times. All participants were assessed twice before wearing the dynamic splint
within an interval of 1 week and assessed within a 3-week interval for 6 weeks after wearing
the splint (first assessment: Pre-1; second assessment: Pre-0; third assessment: Pos-3; fourth
assessment: Pos-6). The multiple-baseline design (Pre-1, Pre-0) used in this study enabled
us to map improvements on the basis of changes in outcome measures.

Figure 1. Experiment flowchart.

2.3. D-Printed Dynamic Splint

The 3D-printed dynamic splint consisted of a modified dorsal wrist splint, link bars,
and finger caps (Figure 2). This splint held the wrist extended to a 45-degree position.
To address the many practical and anatomical challenges of the hand exoskeleton design,
we used a four-bar linkage mechanism as a hand joint exoskeleton to fit the range of
finger trajectories [33]. The linkage was located at the dorsal wrist and attached to the
medial phalanx of the finger just above the distal interphalangeal joint with a finger cap.
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We designed the mechanism so that it did not interfere with the finger motion, and the
user’s fingertips and palm were free to touch real objects and experience tactile feedback.
In addition, the fingers could be stretched in extension with the wrist, extended by a simple
locking mechanism for a prolonged time. Our previous study had shown that stretching
three fingers (thumb, index, and middle fingers) reduced the finger flexors’ spasticity,
and the splint was easy to self-use at home [32]. Therefore, we used a 3D-printed dynamic
splint with a novel three-finger design in the current study.

 

Figure 2. (A) Lateral view and (B) dorsal view of a 3D-printed dynamic hand–wrist splint.

This study used a fused deposition modeling (FDM)-based 3D printer (UP Box, Go
Hot Technologies Co., Ltd., Taiwan) to print all components of this dynamic splint. Each in-
dividual part was printed with acrylonitrile–butadiene–styrene (ABS) filament, which has
excellent mechanical strength and durability properties. The printing parameters were set
as follows: layer thickness of 0.2 mm, 20% filling level, printing temperature of 230 ◦C, and
printing speed of 60 mm/s. Our dynamic splint was customized and manufactured solely
on the basis of participant’s anthropometric measurements, such as the width of forearm,
wrist and fingers; the length of middle finger, index, and thumb. The customized dynamic
splint can be manufactured in only 10 h once all the parameters of the participants are
measured. The total estimated cost of this dynamic splint is roughly USD 80. This includes
the price of all components needed to fabricate the splints, with the exception of the 3D
printer. However, considering that the amount of filament required for each splint is esti-
mated to be between 100 and 150 g, depending on its size, the estimated price is expected
to decrease further.

2.4. Outcome Measures

The primary outcome measure was the MAS for evaluation of the severity of wrist and
finger flexor spasticity. The MAS, a six-category ordinal scale used to assess the resistance
encountered during a passive muscle quickly stretching, not requiring instrumentation [34],
is the most commonly used tool for evaluating the efficacy of pharmacological and rehabil-
itation interventions for spasticity among patients with stroke. To allow for the analysis
by the statistical software, we modified the MAS scores 1+ to 4, to 2–5 for our analy-
sis [15,18,35]. A smaller score indicated better improvement of spasticity release. Inter-
and intra-rater agreement for the MAS measuring upper extremities was 0.78 and 0.84,
respectively [36].

Another primary outcome measure was the Fugl–Meyer assessment for upper extrem-
ity (FMA-UE), which is the “gold standard” for assessing the motor recovery of post-stroke
hemiparesis in clinical trials [37,38]. The FMA-UE consists of 30 items assessing motor
function and 3 items assessing reflex function with total scores ranging between 0 and 66.
Higher FMA-UE scores mean better motor function. Inter- and intra-rater agreement for
the FMA-UE was 0.95 and 0.98, respectively [39–41].
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A secondary outcome measure was a subjective self-reported questionnaire regarding
pain, spasticity, satisfaction, and ease of self-wear. We measured each item as well with
a 10cm visual analog scale(VAS), with 0 cm representing “no pain”, “no spasticity”, “ex-
tremely dissatisfied”, or “extremely hard” and 10 cm representing “worst pain”, “worst
spasticity”, “very satisfied”, or “very easy”. A senior therapist in stroke rehabilitation who
was blinded to the group identities conducted all the outcome measures.

2.5. Statistical Analysis

The sample size was calculated based on G power software version 3.1.1 with expected
differences between experimental and control groups on the MAS scale from a previous
study [15]. The sample size calculation indicated that 15 patients per group should have
been enrolled for α = 0.05 and 1–β = 0.95, with the effect size of 1.282. Therefore, the
indicated overall number of 30 participants was achieved in this study. To summarize the
results of the duration of wearing time, pain, subjective spasticity, level of satisfaction, and
the easy self-wear descriptive statistics were used. Quantitative variables were compared
using independent t-test/Mann–Whitney U test (when the data sets were not normally
distributed) between the two groups. Categorical variables were compared using chi-
square test. Analysis of covariance (ANCOVA) was used to compare MAS and FMA-UE
scores at multiple time points between two groups after adjusting for the baseline values.
Repeated measures analysis of variance (ANOVA) with Bonferroni adjustment was used
for comparison of MAS and FMA–UE scores within each group between multiple time
points. All statistical analyses were performed using the SPSS software (version 20 for
Windows, IBM, Armonk, NY, USA), and the level of significance was set to 0.05.

3. Results

3.1. Participant Characteristics

Thirty stroke survivors were recruited in this study, but only 25 completed the 6-week
intervention. One participant in the control group dropped out because of recurrent stroke,
and four participants (three in the experimental group, one in the control group) were lost
during follow-up. The participants’ demographic and clinical characteristics are presented
in Table 1. No significant demographic differences occurred between the groups, including
age, gender, stroke history, and affected side.

Table 1. Participant demographic characteristics and clinical features between the groups.

Characteristic/Feature
Group

Experimental (n =13) Control (n =12) p-Value

Mean age, years 44.4 (10.2) 47.1 (9.2) 0.55
Gender (male/female) 11/2 10/2 0.93

History of stroke, months 22.5 (11.9) 20.0 (10.4) 0.48
Affected side (right/left) 7/6 6/6 0.86

Values are presented as means (standard deviations).

3.2. Clinical Assessments

The average MAS scores of the wrist and finger flexors at different assessments in the
study groups are shown in Table 2. Within the experimental group, we found no significant
differences in the wrist and finger flexors between Pre-1 and Pre-0. However, there was
a significant decrease in the finger flexors at Pos-3 (p = 0.03) and at Pos-6 (p < 0.01 on
wrist flexors, p < 0.01 on finger flexors), respectively, when compared to Pre-0. Within the
control group, we found no significant serial MAS changes in either the wrist or finger
flexors at Pre-1, Pre-2, Pos-3, and Pos-6, although we observed a slow decreasing tendency
(Figure 3). Moreover, after 3 weeks of the wearing intervention, the average MAS of the
finger flexors showed a significant decrease (p = 0.05); after 6 weeks, the average MAS of
the wrist (p < 0.01) and finger (p < 0.01) flexors in the experimental group were significantly
decreased compared with those in the control group.
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Table 2. Average MAS scores of the wrist and finger flexors in the study groups.

Group Pre-1 Pre-0 p-Value a Pos-3 p-Value a Pos-6 p-Value a

E-wrist 3.0 (0.6) 2.8 (0.7) 0.99 2.4 (0.8) 0.57 1.8 (0.7) <0.01 *
C-wrist 2.5 (0.8) 2.3 (0.8) 0.99 2.4 (0.8) 0.9 2.2 (0.9) 0.99

p-value b 0.92 0.92 - 0.57 - <0.01 * -
Partial EtaSquared <0.01 <0.01 0.02 0.28

E-finger 3.3 (0.6) 3.2 (0.6) 0.99 2.4 (0.9) 0.03 * 2.0 (0.6) <0.01 *
C-finger 2.8 (0.4) 2.9 (0.3) 0.99 2.8 (0.4) 0.99 2.8 (0.5) 0.99
p-value b 0.22 0.22 - 0.05 * - <0.01 * -

Partial Eta Squared 0.07 0.07 0.17 0.61

Values are presented as means (standard deviations); * p < 0.05. E-wrist: wrist flexors in the experimental group; C-wrist: wrist flexors in
the control group; E-finger: finger flexors in the experimental group; C-finger: finger flexors in the control group. a p-value was determined
by ANOVA using Bonferroni adjustment; b p-value after adjusting for multiple baseline using ANCOVA between experimental group and
control group at each assessment.

Figure 3. Sequential changes in mean MAS scores for the wrist and finger flexors in the study. Mean
values and±1 standard error were displayed. E-wrist: wrist flexors in the experimental group;
C-wrist: wrist flexors in the control group; E-finger: finger flexors in the experimental group; C-finger:
finger flexors in the control group.

The average FMA-UE scores at different assessments in the study groups are shown
in Table 3. Similarly, for the experimental group, the average FMA–UE scoreat Pre-1 and
Pre-0 showed no significant differences. We observed a significant improvement in Pos-3
(p = 0.02) and Pos-6 (p < 0.01), when compared to Pre-0. For the control group, we found
no significant differences in the FMA-UE scores between Pre-1 and Pre-0. However, we
noted a slight improvement in Pos-3 (Figure 4). Thereafter, we found a significant increase
until Pos-6 (p = 0.01). Moreover, we found no significant differences in the FMA-UE scores
in the experimental group, when compared to the control group, at Pre-1, Pre-0, and Pos-3.
We did find a significant difference until Pos-6 (p = 0.05).

91



J. Clin. Med. 2021, 10, 4549

Table 3. Average FMA-UE scores in the study groups.

Group Pre-1 Pre-0 p-value a Pos-3 p-Value a Pos-6 p-Value a

Exp 27.2 (11.4) 27.8 (11.7) 0.07 30.5 (12.0) 0.02 * 36.8 (11.2) <0.01 *
Ctrl 21.1 (11.6) 21.6 (11.5) 0.13 23.0 (12.7) 0.06 26.0 (14.7) 0.01 *

p-value b 0.89 0.89 0.39 - 0.05 * -
Partial EtaSquared <0.01 <0.01 0.03 0.17

Values are presented as means (standard deviations); * p < 0.05. a p-value was determined by ANOVA using Bonferroni adjustment;
b p-value after adjusting for multiple baseline using ANCOVA between experimental group and control group at each assessment.

Figure 4. Sequential changes in mean FMA-UE scores in the study groups. Mean values and±1 stan-
dard error were displayed. Exp.: experimental group; Ctrl.: control group.

3.3. Subjective Self-Reported Findings

The participants in the experimental group, at 6 weeks, showed significant differences
in their attitudes towards splint wearing time (p < 0.01), reduced spasticity (p < 0.01), level
of satisfaction (p < 0.01), and ease of use (p < 0.01) (Table 4). However, the pain ratings
showed no statistical differences between Pos-3 and Pos-6 (p = 0.89). The participants
reported that they had still experienced mild, annoying pain after wearing the splint for 6
weeks.

Table 4. Subjective reported wearing time, pain, spasticity, level of satisfaction, and ease of self-wear
in the experimental group.

Time (n =13)
Wearing
Time (h)

Pain (0–10)
Spasticity

(0–10)
Satisfaction

(0–10)
Easy to Use

(0–10)

Pos-3 7.2 2.6 7.4 7.7 8.0
Pos-6 7.9 2.5 5.6 8.4 8.8

p-value <0.01 * 0.89 <0.01 * <0.01 * <0.01 *
Values are presented as means; * p < 0.05.
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4. Discussion

The results from this study indicated that our new 3D-printed dynamic hand–wrist
splint was effective in significantly reducing wrist and finger flexor spasticity after 3 weeks
of intervention. Furthermore, we observed a further effect on reducing spasticity after
wearing the splint for 6 weeks. We also found significant alleviation in self-reported
spasticity after 6 weeks of intervention.

Several previous studies have described a variety of dynamic splints that effectively
improved motor function and relieved spasticity in stroke patients [16,17,32,42]. In com-
parison to a static splint, a dynamic splint consists of a static base that forms the foundation
of the splint, and an outrigger, the mobile part consisting of levers, springs, or pulleys.
It also included a dynamic component to facilitate splint mobility with the associated
structures, such as finger springs and caps, an adjustable tensioner, and wrist mount areas.
This dynamic component offers energy-storing properties and provides various resistance
grades against spasticity. Therefore, as flexor tone increases in the patient’s hand, the
fingers remain within the splint instead of pulling out. The dynamic hand piece then
repositions the fingers into extension, as tone increases.

Thus, a dynamic splint is far superior to a static splint because it provides more
benefits, such as reducing spasticity, allowing for comfortable stretch, and repositioning
fingers into extension positions. Many dynamic splints for reducing hand spasticity have
been developed; however, most of these were too complicated to wear, involving a glove
or hook-and-loop fasteners strapping each finger in firmly. Often, it is technically difficult
for a stroke patient with spasticity to wear these types of splints alone at home.

The new dynamic hand–wrist splint presented in this study has a simple device
configuration and low-cost fabrication. The finger cap has a similar design to the finger
sleeve, for easy and quick wearing or removing. Furthermore, this splint uses a four-bar
linkage mechanism to fit finger trajectories and caps to reposition the fingers. Therefore,
it allows for a comfortable prolonged stretch and maintains the fingers in an extended
position to decrease wrist and finger flexor spasticity.

The motor function of the affected wrist and hand (measured with the FMA-UE)
showed statistically significant improvements after 3 weeks of intervention and had sus-
tained improvement at 6 weeks. The average difference in improvement between Pre-0
and Pos-6, using the FMA-UE, was 9.1, which we believed to be clinically meaningful
because the minimal clinically important difference of the FMA-UE has been established
to be between 4.25 and 7.25 for patients with chronic stroke [43]. Moreover, 76.9% of
the participants in the experimental group exceeded the MCID of 4.25. The increase in
the FMA-UE score demonstrated the voluntary motor improvements achieved by the
participants.

Historically, traditional rehabilitation approaches have focused on reducing spasticity
as a prerequisite for improving motor function [44]. In stroke survivors with functionally
useful voluntary limb movement, inappropriate co-activation of agonist and antagonist
muscles can cause spastic co-contraction, thereby impeding normal limb movement [45,46].
One possible reason for the better performance in the FMA-UE score with decreased MAS
in the experimental group was that the participants could be able to exert more voluntary
effort in the reach-to-grasp tasks. People with stroke often have difficulty generating
force in the finger extensor to open their hands, due to stronger wrist and finger flexor
spasticity. The suppression of wrist and finger flexor spasticity, by prolonged stretching
with a dynamic hand–wrist splint, can decrease the ability to counteract the agonist wrist
and finger extensor muscles, thereby increasing the ability to voluntarily control hand
opening. Furthermore, maximized involvement of voluntary effort in post-stroke limb
practice has been found to be an important factor related to the significant release of muscle
tone, with long-term effects [47]. When the affected hand was able to start performing the
tasks they could not achieve (e.g., hand open) by themselves, they would be promoted to
practice reach-to-grasp tasks. Our findings are also consistent with other robot-assisted
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therapy in upper extremity hemiparesis studies, suggesting that decreased muscle tone
occurs in chronic stroke individuals with better voluntary motor functions [47–49].

Both groups received approximately 2 h of upper-limb therapies per week, as con-
ventional stroke rehabilitation programs. The conventional program is patient-specific,
task-specific, and consists of PNF and NDT. Presumably, those conventional treatments
had a relevant influence on the patients’ improvement. Consequently, the FMA–UE scores
of the control group gradually increased by 4.5 points, from the baseline to Pos-6, but
these scores were not superior to those in the experimental group. The use of a 3D-printed
dynamic hand–wrist splint at home, combined with a conventional rehabilitation program,
could provide additional long-term benefits in terms of upper extremity motor recovery
and motor functioning.

The participants in this study reported a significant difference in reducing spasticity
and in increasing wearing time before and since the use of this splint. The participants
were willing to wear the splint from 6 h, as advised, to 7.9 h/day after the 6 weeks of
intervention. The participants reported high levels of satisfaction and ease of use, finding
it easy to wear this dynamic splint on their affected hand independently, without any
problems.

The self-reported pain did not show a significant difference, although the spasticity
complaints tended to decrease. Therefore, our new dynamic splint, using prolonged
stretching principles to guard against increased spasticity, muscle stiffness, and shortening
in the wrist and finger flexors, certainly caused some pain. Yet, after wearing the splint
for 6 weeks, not one of the participants ceased wearing it because of a painful experience.
On the contrary, the participants wore this splint for longer than the advised hours. One
possible reason for this might be that these stroke patients experienced improvement in
their hand function and thus were willing to keep wearing the splint.

The strength of our study is that it used a randomized controlled trial design. We se-
lected the FMA–UE and MAS to measure primary outcomes and a self-reported question-
naire to measure secondary outcomes. However, there were limitations that need to be
addressed in this study. First, this study was limited in that we surveyed the experimental
group using a self-reported questionnaire, which is not a standardized questionnaire. This
survey may simply lack sufficient validity and reliability. However, the self-reported
data collected by this survey used VAS, which is a simple and frequently used method to
evaluate variations in satisfaction or discomfort rating questionnaires. These self-reported
outcomes may still give useful insights into the user’s perspective on this dynamic splint.
Another limitation was that the included participants were stroke patients; they often have
a certain degree of cognitive impairment. We did not assess their cognitive abilities for both
groups; however, we ensured that the participants in the experimental group understood
how to wear this dynamic splint properly.

One more limitation was the choice of MAS as the spasticity assessment scale. The MAS
is a muscle tone assessment scale used to assess the resistance experienced during a passive
range of motion. It is the most commonly used tool to evaluate the efficacy of pharmaco-
logic and rehabilitation interventions for the treatment; therefore, it can be easily compared
with the results obtained in other studies. However, recent studies raised questions about
the moderate inter- and intra-rater reliability [50,51] and validity of the MAS assessment of
spasticity [51,52]. Spasticity, defined as hyper-resistance measured during passive rotation
of a joint, is related to neural and non-neural factors. MAS does not address the velocity-
dependent aspect of spasticity [51,52], and it has been described as a grading of muscle
stiffness to solely assess resistance to passive movement [51]. Despite its popularity, MAS
has been subject to criticism; the modified Tardieu scale (MTS) has been suggested as an
alternative and suitable measure for use in the assessment of spasticity [52,53]. MTS could
address the intensity of the resistance, first-noticed catch angle, clonus, and differences
among joints and muscles that move at different velocities [52,53]. Nevertheless, MAS
generally reflects muscle overactivity, including the elements of hypertonia and muscle
stiffness, which are both the components of a positive sign of upper motor neuron syn-
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drome, and they compose the resistance of passive stretch. These elements affecting the
active or passive function of patients could be treated through pharmacologic treatment or
other remedies. Therefore, it is reasonable to use the MAS as a scale for measuring muscle
tone [54].

Finally, our results are limited to stroke survivors with mild–moderate upper-limb
impairments. This dynamic splint can only be applied to stroke survivors who can extend
their wrist and open their affected hand by passive movements. Therefore, the results
cannot be generalized to other stroke populations, especially those with severe spasticity
of the affected limb.

5. Conclusions

In conclusion, this new 3D-printed dynamic hand–wrist splint is a feasible and ef-
fective alternative modality for reducing muscle spasticity and improving hand motor
function. The users gave very good satisfaction scores for muscle tone reduction, comfort,
and ease of use. This splint can be a supplementary device for home exercises in addition
to hospital-based rehabilitation for chronic stroke survivors with hemiparesis.
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Abstract: This study aims to investigate the effects of nerve gliding exercise following carpal tunnel
release surgery (NGE-CTRS) and the probing factors affecting the effect of NGE-CTRS on hand
function. A total of 86 patients after CTRS participated. Grip strength (grip-s), pinch strength
(pinch-s), Semmes-Weinstein monofilament test (SWMT), two-point discrimination (2PD), numbness,
pain, and Phalen test (Phalen) were measured and compared between pre- and post-NGE-CTRS. The
results showed that the combination of surgery and NGE significantly improved the postoperative
grip-s, pinch-s, SWMT, 2PD, numbness, and Phalen; however, no improvement was observed in
pain. Background factors that influenced the improved grip-s and pinch-s included gender and
preoperative sensory nerve conduction velocity (SCV). Additionally, numbness and Phalen were not
affected by age, gender, fault side, bilateral, trigger finger, dialysis, thenar eminence atrophy, motor
nerve conduction velocity, SCV, the start of treatment, and occupational therapy intervention. In
conclusion, the combination of surgical procedures and NGE showed a high improvement. SCV and
time-to-start treatment of intervention for carpal tunnel syndrome may be useful in predicting the
function after the intervention.

Keywords: carpal tunnel syndrome; nerve gliding exercise; sensory nerve conduction velocity

1. Introduction

Carpal tunnel syndrome (CTS) caused by median nerve compression at the wrist is
considered the most common entrapment neuropathy [1] with a prevalence of 2–4% in the
general population [2,3]. CTS symptoms include pain, paresthesia, numbness, or tingling
involving the fingers innervated by the median nerve. Symptoms are worst at night and
upon waking up [4]. Patients with severe CTS present with thenar atrophy and loss of
sensation [5], which results in gradual weakness and loss of hand function [6,7]. Treatment
for CTS with severe symptoms involves surgical procedures to open the carpal tunnel
and relieve pressure [8]. Moreover, non-surgical interventions, such as wrist splint [9–14],
ultrasound [4,15–17], steroid injections [18–20], and nerve gliding exercise (NGE) [10–12,21],
were administered for mild to moderate symptoms.

Recently, several systematic reviews have advocated nerve and tendon gliding exer-
cises as a biologically plausible alternative for traditionally advocated treatment modalities
in the conservative management for CTS [10–12,22,23].

Previous studies on NGE effects have reported improved pinch strength (pinch-s) [24],
grip-strength (grip-s) [24,25], and pain [26]. Reports of the effect of no treatment, include
pain [26,27], low functional performance [26–28], and sensation [15,24,25,27,29]. Thus, the
effect of NGE on strength can be expected; however, it does not affect pain, functional
performance, or sensation. Since conservative care is ineffective, surgical treatment should
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be considered. Although surgical treatment can improve symptoms, postoperative care
is also important. Degnan et al. (1997) [30] described the importance of controlling
edema early postoperatively for CTS. Furthermore, Cook et al. (1995) [31] reported that
hand and wrist exercises should be started early in the postoperative period because
splinting of the wrist after CTS surgery may cause bowstringing. Steyers et al. (2002) [32]
reported that postoperative care should include early mobilization to encourage tendon
and nerve gliding. The beneficial effects of these exercises may include direct mobilization
of the nerve, facilitation of venous return, edema dispersal, decreased pressure inside the
perineurium, and decreased carpal tunnel pressure [10,33]. Thus, it is recommended to
surgically decompress the carpal tunnel in patients with severe CTS; however, NGE should
be performed as part of the postoperative care.

Therefore, our research hypothesis is that the combination of surgery and NGE for
CTS will improve symptoms and that background factors may contribute to the symptom
improvement. Thus, this study aims to determine whether the combination of surgery
and NGE improves CTS symptoms and what background factors affect the symptom
improvement.

2. Materials and Methods

2.1. Participants

A total of 86 outpatients (31 men and 55 women; mean age 66.8 ± 14.1 years) par-
ticipated in this study. Table 1 shows the patient characteristics. The inclusion category
comprised of those who were prescribed occupational therapy after carpal tunnel release
surgery. Exclusion criteria included those who were diagnosed with complex regional
pain syndrome, difficulty with NGE due to severe pain, and difficulty understanding
instructions.

Table 1. Attributes.

n

Subjects 67
Hands (Rt/Lt) 86 (48/38)

Age (mean ± SD) 66.8 ± 14.1
Gender M: 24; F: 43
Dialysis 4

Trigger finger 20
TEA 1 (Rt/Lt) 43 (26/17)

1 TEA: thenar eminence atrophy; M: Male, F: Female.

All participants were informed of the aim of the study and were requested to provide
signed informed consent before participation. This study was approved by the Shijonawate-
Gakuen University of Faculty of Rehabilitation research ethics review committee (approval
no. 21-2) and conducted in accordance with the Declaration of Helsinki.

2.2. NGE

This study used the NGE method by Nazarieh et al. [34]. Procedures for conducting
an NGE (position 1: wrist in neutral and fingers and thumb in flexion; position 2: wrist
in neutral and fingers and thumb extended; position 3: thumb in neutral and wrist and
fingers extended; position 4: wrist, fingers, and thumb extended: position 5, the same as
position 4 with the forearm in supination (palm up); and position 6: same as position 5
with the other hand gently stretching the thumb) were observed (Figure 1).
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Figure 1. Nerve gliding exercise has six movements depending on the position of the wrist joint and fingers [34].

The NGE was started 4 days postop and performed three times a day during outpatient
treatment and self-exercise at home. The NGE is performed in six positions, holding each
position for 7 s. These were performed for five sets [35].

2.3. Outcome Measures

Basic information was collected on age, gender, fault side, with/without surgery on
both sides (bilateral), with/without trigger finger (trigger finger) [11,15], with/without
dialysis (dialysis), with/without thenar eminence atrophy (TEA) [11,15,36], preoperative
motor nerve conduction velocity (MCS), and preoperative sensory nerve conduction veloc-
ity (SCV), time-to-start treatment (start-treat), and occupational therapy intervention period
(OT-inter). Additionally, grip-strength (grip-s), pinch strength (pinch-s), Semmes-Weinstein
Monofilament test (SWMT), two-point discrimination (2PD), numerical rating scale score
for numbness, numerical rating scale score for pain (pain), and positive angle on Phalen
test (Phalen). Each test was measured at a frequency of 1 week postoperatively.
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2.3.1. Grip-s and Pinch-s

CTS reduces grip-s and pinch-s [37], which were evaluated with the use of dynamom-
etry [5,15,24].

2.3.2. Semmes-Weinstein Monofilament Test (SWMT)

The SWMT is a noninvasive sensory testing method. Monofilaments of different
thicknesses are applied to the test area for 1 s. Scoring is determined according to the
thickness of the monofilament perceived to be touched [12,38,39].

2.3.3. Two-Point Discrimination (2PD)

A measure of sensory acuity and light touch—2PD—is tested by measuring the small-
est distance in a patient to perceive two pinpricks as separate units. This is a commonly
used method for assessing the sensory function of the median nerve [15,24,36].

2.3.4. Numerical Rating Scale (NRS) for Numbness and Pain

The NRS has a numerical range from 0 to 10, with 0 indicating nothing at all and 10
indicating the worst. In this study, we assessed the degree of pain and numbness according
to the NRS [40].

2.4. Statistical Analysis

Paired Student’s t-test was used to compare whether the combination of CTS surgery
and NGE improves grip-s (kgf), pinch-s (kgf), SWMT, 2PD (mm), numbness (NRS), pain
(NRS), and Phalen test (angle) at pre- and post-intervention. This test can reveal the effect of
CTS surgery and NGE on these parameters that reflect hand function. Multiple regression
analysis was performed with endpoints of the effect of combined surgery and NGE as
dependent variables and fault side, gender, age, trigger finger, dialysis, bilateral, TEA,
MCS, SCV, Start-treat, and OT-inter as independent variables to determine which of the
basic characteristics (age, gender, fault side, bilateral, trigger finger, dialysis, TEA, MCV,
SCV, start-treat, and OT-inter) affect the parameters associated with hand function at the
end of the treatment. The alpha level was set at 0.05.

3. Results

3.1. Comparison between Preintervention and Final Assessments

Comparison between the two groups of preoperative and final evaluations showed
significant improvement in grip-s (p = 0.04), pinch-s (p = 0.007), SWMT (p = 0.001), 2PD
(p = 0.005), numb (p = 0.001), and Phalen (p = 0.001); Pain was not significantly different
(p = 0.143) (Table 2).

Table 2. Comparison between preoperative and final assessments.

Difference between Pre vs. Post 95% CL p-Value

Average
Standard

Error
Lower Upper

Grip-s (kgf) 1.13 4.45 0.05 2.21 0.04 **
Pinch-s (kgf) 0.45 1.33 0.13 0.77 0.007 **

SWMT 0.96 1.26 0.66 1.26 0.001 **
2PD (mm) 1.71 4.99 0.52 2.91 0.005 **

Numb (score) 4.18 2.38 3.60 4.75 0.001 **
Pain (score) 0.56 3.19 −0.20 1.33 0.14

Phalen (angle) 16.01 19.49 11.37 20.66 0.001 **

** p < 0.01.
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3.2. Multiple Regression Analysis

Background factors of each assessment that were significantly different in Result 1
were analyzed using multiple regression analysis. These results of multiple regression
analysis showed significant differences in grip-s (F = 1.120, p < 0.366, R = 0.437, and
R2 = 0.192), and pinch-s (F = 1.513, p = 0.155, R = 0.492, and R2 = 0.242) for gender and
SCV. SWMT (F = 2.18, p < 0.03) in the start-treat and OT-inter. 2PD (F = 1.14, p < 0.35) in
Start-treat. Pain (F = 1.77, p = 0.08), numb (F = 1.77, p = 0.08), and Phalen (F = 1.32, p = 0.24)
were not affected by independent variables set in this study (Tables 3–9).

Table 3. Independent variable for grip-s.

B Standard
Error

β
B (95% CI)

F t p-Value VIF
Lower Upper

Age 0.03 0.09 0.05 −0.14 0.20 0.12 0.35 0.727 1.43
Gender −6.03 2.53 −0.33 −11.10 −0.96 5.70 −2.39 0.021 * 1.20

Fault side 2.42 2.36 0.14 −2.33 7.16 1.05 1.02 0.311 1.21
Bilateral 0.55 2.57 0.03 −4.61 5.70 0.05 0.21 0.832 1.28

Trigger finger −2.19 1.98 −0.14 −6.17 1.78 1.22 −1.11 0.274 1.09
Dialysis −4.64 5.54 −0.12 −15.76 6.47 0.70 −0.84 0.406 1.23

TEA −0.34 2.43 −0.02 −5.23 4.54 0.02 −0.14 0.888 1.33
MCV −0.08 0.14 −0.08 −0.36 0.20 0.34 −0.58 0.562 1.24
SCV 0.24 0.12 0.30 0.00 0.48 4.11 2.03 0.048 * 1.38

Start-treat 0.04 0.03 0.18 −0.02 0.09 1.83 1.35 0.182 1.15
OT-inter −0.01 0.10 −0.02 −0.21 0.19 0.01 −0.11 0.914 1.23
Constant −0.05 13.03 −26.20 26.10 0.00 0.00 0.997

B: partial regression coefficient; β: standardized partial regression coefficient. 95% CI: 95% confidence interval; VIF: Variance inflation
factor; * p < 0.05.

Table 4. Independent variable for pinch-s.

B Standard
Error

β
B (95% CI)

F t p-Value VIF
Lower Upper

Age 0.00 0.02 −0.03 −0.04 0.03 0.05 −0.23 0.822 1.43
Gender −1.40 0.48 −0.39 −2.36 −0.44 8.54 −2.92 0.005 ** 1.20

Fault side 0.25 0.45 0.07 −0.65 1.14 0.30 0.55 0.587 1.21
Bilateral 0.24 0.49 0.07 −0.74 1.21 0.24 0.49 0.629 1.28

Trigger finger −0.20 0.38 −0.07 −0.96 0.55 0.29 −0.54 0.594 1.09
Dialysis −0.77 1.05 −0.10 −2.87 1.34 0.53 −0.73 0.468 1.23

TEA −0.44 0.46 −0.13 −1.37 0.48 0.92 −0.96 0.343 1.33
MCV −0.02 0.03 −0.11 −0.07 0.03 0.64 −0.80 0.428 1.24
SCV 0.05 0.02 0.29 0.00 0.09 4.18 2.04 0.046 * 1.38

Start-treat 0.01 0.01 0.21 0.00 0.02 2.65 1.63 0.109 1.15
OT-inter −0.02 0.02 −0.15 −0.06 0.02 1.22 −1.10 0.275 1.23
Constant 2.18 2.47 −2.78 7.13 0.78 0.88 0.383

B: partial regression coefficient; β: standardized partial regression coefficient. 95% CI: 95% confidence interval; VIF: Variance inflation
factor; * p < 0.05, ** p < 0.01.
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Table 5. Independent variable for SWMT.

B Standard
Error

β
B (95% CI)

F t p-Value VIF
Lower Upper

Age −0.01 0.02 −0.06 −0.04 0.02 0.22 −0.47 0.640 1.43
Gender −0.62 0.44 −0.18 −1.50 0.26 1.99 −1.41 0.164 1.20

Fault side 0.45 0.41 0.14 −0.38 1.27 1.18 1.08 0.283 1.21
Bilateral −0.25 0.45 −0.07 −1.15 0.64 0.32 −0.56 0.576 1.28

Trigger finger 0.07 0.34 0.03 −0.62 0.76 0.05 0.21 0.831 1.09
Dialysis −0.19 0.96 −0.03 −2.12 1.73 0.04 −0.20 0.840 1.23

TEA 0.20 0.42 0.06 −0.65 1.05 0.22 0.47 0.639 1.33
MCV 0.03 0.02 0.14 −0.02 0.08 1.28 1.13 0.263 1.24
SCV 0.03 0.02 0.19 −0.01 0.07 2.03 1.42 0.161 1.38

Start-treat 0.01 0.00 0.30 0.00 0.02 5.81 2.41 0.019 * 1.15
OT-inter −0.05 0.02 −0.33 −0.08 −0.01 6.82 −2.61 0.012 * 1.23
Constant −1.46 2.26 −6.00 3.09 0.41 −0.64 0.523

B: partial regression coefficient; β: standardized partial regression coefficient. 95% CI: 95% confidence interval; VIF: Variance inflation
factor; * p < 0.05.

Table 6. Independent variable for 2PD.

B Standard
Error

β
B (95% CI)

F t p-Value VIF
Lower Upper

Age 0.02 0.05 0.08 −0.07 0.12 0.26 0.51 0.611 1.43
Gender −0.92 1.38 −0.09 −3.69 1.86 0.44 −0.66 0.509 1.20

Fault side 1.55 1.29 0.16 −1.04 4.15 1.44 1.20 0.236 1.21
Bilateral 1.82 1.41 0.18 −1.00 4.65 1.68 1.30 0.201 1.28

Trigger finger 0.55 1.09 0.07 −1.63 2.73 0.26 0.51 0.616 1.09
Dialysis −1.54 3.03 −0.07 −7.62 4.55 0.26 −0.51 0.614 1.23

TEA −0.75 1.33 −0.08 −3.43 1.92 0.32 −0.57 0.574 1.33
MCV 0.10 0.08 0.18 −0.05 0.25 1.68 1.30 0.201 1.24
SCV 0.08 0.06 0.18 −0.05 0.21 1.52 1.23 0.224 1.38

Start-treat 0.03 0.01 0.27 0.00 0.06 4.23 2.06 0.045 * 1.15
OT-intere 0.03 0.05 0.07 −0.08 0.14 0.25 0.50 0.618 1.23
Constant −16.28 7.14 −30.60 −1.96 5.20 −2.28 0.027 *

B: partial regression coefficient; β: standardized partial regression coefficient. 95% CI: 95% confidence interval; VIF: Variance inflation
factor; * p < 0.05.

Table 7. Independent variable for pain.

B Standard
Error

β
B (95% CI)

F t p-Value VIF
Lower Upper

Age 0.01 0.03 0.05 −0.05 0.07 0.21 0.35 0.73 1.43
Gender −1.80 0.89 −0.26 −3.59 −0.01 4.07 −2.02 0.07 1.20

Fault side 1.31 0.84 0.20 −0.36 2.99 2.47 1.57 0.12 1.21
Bilateral −0.24 0.91 −0.04 −2.07 1.58 0.07 −0.27 0.79 1.28

Trigger finger −0.02 0.70 0.00 −1.43 1.39 0.00 −0.03 0.98 1.09
Dialysis −0.81 1.96 −0.05 −4.74 3.12 0.17 −0.42 0.68 1.23

TEA 1.62 0.86 0.26 −0.11 3.35 3.55 1.88 0.07 1.33
MCV −0.02 0.05 −0.05 −0.12 0.08 0.16 −0.40 0.69 1.24
SCV 0.07 0.04 0.24 −0.01 0.16 3.14 1.77 0.08 1.38

Start-treat 0.02 0.01 0.22 0.00 0.04 3.07 1.75 0.09 1.15
OT-intere −0.06 0.04 −0.21 −0.13 0.01 2.51 −1.58 0.12 1.23
Constant −1.76 4.61 −11.01 7.49 0.15 −0.38 0.70

B: partial regression coefficient; β: standardized partial regression coefficient. 95% CI: 95% confidence interval; VIF: Variance inflation
factor.
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Table 8. Independent variable for numb.

B Standard
Error

β
B (95% CI)

F t p-Value VIF
Lower Upper

Age −0.03 0.03 −0.12 −0.09 0.04 0.71 −0.84 0.404 1.43
Gender 0.21 0.90 0.03 −1.59 2.02 0.06 0.24 0.812 1.20

Fault side 0.77 0.84 0.12 −0.92 2.46 0.84 0.92 0.363 1.21
Bilateral −0.87 0.91 −0.13 −2.71 0.96 0.91 −0.96 0.343 1.28

Trigger finger 0.85 0.70 0.15 −0.56 2.27 1.47 1.21 0.232 1.09
Dialysis −0.07 1.97 0.00 −4.02 3.88 0.00 −0.03 0.973 1.23

TEA −0.08 0.87 −0.01 −1.82 1.65 0.01 −0.09 0.926 1.33
MCV 0.08 0.05 0.21 −0.02 0.18 2.47 1.57 0.122 1.24
SCV 0.08 0.04 0.27 0.00 0.17 3.83 1.96 0.056 1.38

Start-treat 0.01 0.01 0.18 −0.01 0.03 2.12 1.45 0.152 1.15
OT-intere −0.03 0.04 −0.11 −0.10 0.04 0.72 −0.85 0.399 1.23
Constant −9.51 4.63 −18.81 −0.22 4.22 −2.05 0.045 *

B: partial regression coefficient; β: standardized partial regression coefficient. 95% CI: 95% confidence interval; VIF: Variance inflation
factor; * p < 0.05.

Table 9. Independent variable for Phalen.

B Standard
Error

β
B (95% CI)

F t p-Value VIF
Lower Upper

Age 0.39 0.24 0.24 −0.09 0.88 2.64 1.63 0.110 1.43
Gender −3.52 7.07 −0.07 −17.71 10.66 0.25 −0.50 0.620 1.20

Fault side 5.10 6.62 0.10 −8.18 18.38 0.59 0.77 0.444 1.21
Bilateral 7.56 7.19 0.15 −6.87 21.99 1.11 1.05 0.298 1.28

Trigger finger −7.77 5.55 −0.18 −18.90 3.37 1.96 −1.40 0.168 1.09
Dialysis 2.62 15.50 0.02 −28.49 33.72 0.03 0.17 0.867 1.23

TEA −7.04 6.81 −0.15 −20.72 6.63 1.07 −1.03 0.306 1.33
MCV 0.11 0.39 0.04 −0.68 0.90 0.08 0.28 0.781 1.24
SCV 0.42 0.33 0.18 −0.24 1.09 1.63 1.28 0.207 1.38

Start-treat 0.13 0.08 0.22 −0.03 0.28 2.76 1.66 0.102 1.15
OT-intere −0.33 0.28 −0.16 −0.88 0.23 1.37 −1.17 0.247 1.23
Constant −36.69 36.48 −109.88 36.51 1.01 −1.01 0.319

B: partial regression coefficient; β: standardized partial regression coefficient. 95% CI: 95% confidence interval; VIF: Variance inflation factor.

4. Discussion

4.1. Effectiveness of Surgical Treatment Combined with NGE

In this study, a significant treatment effect was observed for grip-s, pinch-s, SWMT,
2PD, numb, and Phalen, but no effect for pain. The pathophysiology of CTS is a combina-
tion of mechanical and ischemic injury of the median nerve in the carpal tunnel [39]. This
type of strangulation neuropathy, CTS, can be greatly improved by surgically releasing the
pressure on the carpal tunnel. However, the effectiveness of symptom improvement greatly
varies depending on the postoperative care method [30–32]. Degnan et al. (1997) reported
that early control of edema is important after surgery for CTS [30]. Cook et al. (1995)
reported that splint immobilization of the wrist joint postoperatively causes deformity,
therefore, early exercise of the fingers and wrist joint is important [31]. Steyers et al. (2002)
reported that mobilization should be performed early postoperatively to promote gliding
of tendons and nerves [32]. Effects of early mobilization are expected to include nerve
stimulation, promotion of venous return, edema resolution and prevention, and reduction
of carpal tunnel pressure [10,33,38]. The study results showed that CTS treatment with
surgery and NGE can improve hand function, and this finding is in agreement with those of
previous studies. Additionally, the positive angle of the Phalen test may have been affected.

Conversely, the pain was not affected by the combination of surgery and NGE as a
background factor. This result may be because we did not specify the type or cause of pain
evaluated in this study.
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4.2. Functions and Factors Improved by Surgery and NGE

Surgical treatment combined with NGE significantly improved grip-s, Pinch-s, SWMT,
2PD, Numb, and Phalen. Regression analysis revealed the possible factors associated
with the improvement of these parameters. Grip-s and pinch-s were affected by gender
and SCV, SWMT by start-treat and OT-inter, and 2PD by start-treat and OT-inter. Pain,
numbness and Phalen are the factors without effect on these. Results of this study showed
that SCV and gender affected grip-s and pinch-s. SWMT and 2PD were influenced by
start-treat. In contrast, numb and Phalen were not affected by factors as independent
variables. Furthermore, SCV and organic factors such as gender were involved in the
background of intervention effects in grip-sand pinch-s. Werner et al. (2011) reported that
in mild CTS, SCV was delayed but MCV was normal; when CTS was moderate, MCV was
delayed in addition to SCV [41]. In other words, SCV was impaired earlier than MCV, and
myelin lesion was impaired earlier than the axon lesion. Lew et al. reported that SCV is
a sensitive test for CTS [42]. The results of this study also suggest that the involvement
of SCV in muscle strength, such as grip-s and pinch-s, sensitively reflects the degree of
disability before the MCV effect is achieved.

In both SWMT and 2PD results, start-treat was involved. Gelberman et al. (1981)
reported that delayed surgery for CTS could damage the median nerve [43]. Additionally,
Choi et al. and Townshend et al. reported that prolonged and severe compression of the
median nerve can cause axonal degeneration, rendering SCV immeasurable [44,45]. In
other words, we thought that the duration of compression and damage to the median
nerve would be a background factor behind the improved SWMT and 2PD.

Of note, pain could not be explained by any factor. Neuropathic pain is a very
important target of treatment, but pain improvement is difficult because of the wide variety
of causes, not just in CTS [46]. Therefore, to address pain caused by CTS, we should
perform a further study, such as a study to explore the cause of pain in patients with CTS.

4.3. Limitation

In this study, the combination of surgery and NGE improved the treatment for muscle
strength and sensation, and background factors were identified. However, background
factors of numb and Phalen were not identified, which had an improved effect in variables
considered as factors, and pain. The present study is limited in its pain examination due to
the various possible causes for the pain mechanism.

There was another concern about the interpretation of our data. We did not collect
affectable parameters that affect the results, including smoking [47] or alcohol habits [48],
physical sporting performance [49], and kinesiophobia [50]. In interpreting the results of
this study, it should be noted that the influence of these factors has not been considered. A
further study including these parameters is needed.

4.4. Clinical Implications

The results of our current study indicate the positive effect of combination of surgery
for CTS and NGE on motor and sensory function in the affected hand, as in previous
studies [10–12,22,23]. Therefore, occupational or physical therapy can be recommended
as after-therapy to improve motor and sensory function. However, for pain, our result
indicates that this combination therapy cannot be enough. If pain remains a crucial problem,
other treatments need to be considered.

5. Conclusions

Treatment with NGE after CTS surgery increased the treatment effect on grip-s, pinch-
s, SWMT, 2PD, numbness, and Phalen-positive angle. Furthermore, SCV was a background
factor for muscle strength, and time-to-treatment initiation was a background factor for
sensation.
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Abstract: Objective: Pelvic alignment asymmetry in stroke patients negatively affects postural control
ability. This study aimed to investigate the effect of posterior pelvic tilt taping on pelvic inclination,
muscle strength, and gait ability in stroke patients. Methods: Forty stroke patients were recruited and
randomly divided into the following two groups: the posterior pelvic tilt taping (PPTT) group (n = 20)
and the control group (n = 20). All participants underwent sitting-to-standing, indoor walking, and
stair walking training (30 min per day, 5 days per week, for 6 weeks). The PPTT group applied
posterior pelvic tilt taping during the training period, while the control group did not receive a
tape intervention. Pelvic inclination was measured using a palpation meter (PALM). A hand-held
dynamometer and the 10-meter walk test were used to measure muscle strength and gait ability.
Results: Significantly greater improvements in the pelvic anterior tilt were observed in the PPTT
group than in the control group (p < 0.05). Muscle strength in the PPTT group was significantly
increased compared to the control group (p < 0.05). Significantly greater improvements in gait speed
were observed in the PPTT group than the control group. Conclusions: According to our results,
posterior pelvic tilt taping may be used to improve the anterior pelvic inclination, muscle strength,
and gait ability in stroke patients.

Keywords: pelvic inclination; taping; gait; stroke

1. Introduction

The pelvis is an important structure that connects the torso and lower limbs to support
and transmit weight to the lower limbs when performing various functional movements.
In addition, the pelvis is a part of the lower trunk in the sitting position but becomes a
functional element of the lower limb when standing or walking [1]. Therefore, changes
in pelvic alignment in a standing position also affect balance, gait, and functional perfor-
mance [2]. In addition, proper pelvic control is essential for the establishment of more
economical movements and gait [3], and if this is not properly controlled during gait, the
speed, stability, and efficiency decrease [4–6].

In order to properly perform functional movements, such as sitting-to-standing [7]
or walking [8], the ability to move weight to the affected lower limb must be preceded.
However, in stroke patients, body deficits such as loss of sensation, impaired motor function
of the upper and lower extremities, spasticity, and muscle weakness are caused by damage
to the blood vessels in the brain. This results in a secondary damage in body control and a
change in pelvic alignment, resulting in decreased weight support on the paralyzed side [9].
In addition, stroke patients show a forward tilted posture alignment compared to a healthy
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person when maintaining a standing posture [10] or show a posture in which the pelvis is
tilted anteriorly and to the affected side [9].

Kinesio taping was introduced by Kenzo Kase as a method of attaching an elastic adhe-
sive tape with elasticity similar to that of the skin and is currently used in rehabilitation for
various purposes [11]. Taping is applied in combination with other therapeutic techniques
to strengthen weakened muscles, regulate joint instability, assist postural alignment, reduce
pain, improve blood flow and lymphatic circulation, relieve spasticity, and strengthen
muscle function [12–14]. Additionally, studies have reported that pelvic inclination de-
creases when taping is applied for posture correction [15–19]. Lee et al. reported that a
significant difference occurred in the pelvic inclination angle when seated workers were
divided into a group in which anterior pelvic tilt taping was applied and a group in which
it was not, and a slumped sitting posture was maintained for 30 min [16]. Therefore, it
was determined that taping can help prevent the musculoskeletal problems caused by an
awkward sitting posture [16]. In a study in which posterior pelvic tilt taping was applied
for a week to patients experiencing lower-back pain with hyperlordosis, it was found
that lumbar lordosis, pain, disability, and abdominal thickness were improved compared
to the control group [18]. They said that the skin irritation due to the tape would have
improved the abdominal strength by allowing more units of exercise to be mobilized [18].
These studies were also conducted in stroke patients. Mehta et al. reported that when
taping was attached to the thoracic and abdomen of stroke patients, the pelvic obliquity
and anterior pelvic tilt in a sitting position were improved compared to the control group,
which resulted in improved balance [20]. In addition, one study reported that posterior
pelvic tilt taping significantly improved pelvic anterior tilt, gait speed, and step length
in stroke patients, but further studies are needed as the long-term effects have not been
confirmed [21].

Therefore, this study aimed to investigate the effect of posterior pelvic tilt taping on
pelvic inclination, lower extremity muscle strength, and gait ability in stroke patients.

2. Experimental Section

2.1. Participants

We used G*power 3.1.9.2 software (Heinrich-Heine-University Düsseldorf, version
3.1.9.4, Düsseldorf, Germany) to calculate the sample size. In the present study, the mean
power was set to 0.8 and the alpha error was set to 0.05. In addition, the effect size was set
to 0.8148 based on a pilot study (10 subjects). The analysis of G*power software showed
that at least 18 participants would make an acceptable group sample size for each group;
thus, 42 participants were recruited in consideration of dropout.

Participants were recruited from the H rehabilitation centers in Gyeonggi-do. The
inclusion criteria were as follows: (1) first episode of unilateral stroke with hemiparalysis
caused by hemicerebrum damage; (2) an anterior pelvic inclination greater than 15◦ (normal
range, 11 ± 4◦) [22–24]; (3) the ability to understand and follow verbal commands; (4) the
ability to independently walk for at least 15 m without assistance; and (5) Brunnstrom
stage 3 or higher motor recovery of the lower extremity. The exclusion criteria included the
following: (1) hemianopia, dizziness, or other symptoms indicating vestibular impairment;
(2) neglect and sensory loss; and (3) an orthopedic disease influencing gait.

This trial was approved by the Gachon University Institutional Review Board (1044396-
202006-HR-112-01) and was registered (WHO International Clinical Trials Registry Platform,
KCT0005215). Prior to enrollment in the study, the content of the study was explained to all
of the participants and written consent was obtained. Table 1 shows the characteristics of
the subjects in the posterior pelvic tilt taping (PPTT) and control groups. The subjects were
randomly assigned to the PPTT group (n = 21) or control group (n = 21) using a selection
envelope. Before the post-evaluation, one person from each group dropped out due to
skin redness and a change of address. A total of 40 subjects were evaluated for pelvic
inclination, muscle strength, and gait ability after 6 weeks of training (Figure 1).
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Figure 1. CONSORT flow diagram.

Table 1. Common and clinical characteristics of the subjects (N = 40).

Variables
PPTT Group

(n = 20)
Control Group

(n = 20)
p

Sex (male/female) 14/6 15/5 0.723 b

Affected side(right/left) 12/8 11/9 0.749 b

Age (years) 55.8 ± 8.5 a 54.4 ± 9.9 0.361 c

Height (cm) 165.9 ± 9.1 166.5 ± 9.9 0.856 c

Weight (kg) 62.4 ± 8.7 63.9 ± 8.4 0.758 c

Stroke duration (months) 8.0 ± 1.9 7.1 ± 2.6 0.315 c

Disease
(diabetes/hypercholesterolemia/hypertension/≥ 2) 1/1/12/6 1/2/10/7

Work (engineer/white-collar jobs/etc.) 5/10/5 6/8/6
Sport activities (none/running/golf/tennis) 14/3/3/2 12/4/3/1

PPTT, Posterior pelvic tilt taping. a mean ± standard deviation, b chi–square test, c independent t-test.

2.2. Intervention

In both the PPTT group and the control group, sit-to-stand, indoor walking, and stair
walking training were performed for 30 min per day, 5 times per week, for 6 weeks. In
sit-to-stand training, to increase the weight support for the affected side, the big toe of
the affected foot was placed in the middle of the healthy foot, and the subjects were then
instructed to stand up without supporting their arm. Indoor walking training included
straight walking and S-shaped walking; for stair walking, the subjects were instructed to
go up and down stairs that had a height of 10 cm each. All of the training sessions were
supervised by a physiotherapist with more than 5 years of rehabilitation experience. In
addition, the PPTT group applied posterior pelvic tilt taping. For mechanical correction, a
5-centimeter-wide tape was extended to 50–75% of its original length and attached to both
rectus abdominis (RA) and external oblique (EO) muscles [18]. First, the pelvis was tilted
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posteriorly in the side-lying position and then attached to the EO muscle from the inguinal
region to the spinous process of T12. For mechanical correction of the posterior pelvic tilt,
the pelvis from the anterior superior iliac spine (ASIS) to the posterior superior iliac spine
(PSIS) was attached while tilting in the posterior direction. Finally, the RA muscle was
attached from the pubic symphysis to the xiphoid process in the knee bent and supine
positions (Figure 2). The tape was changed once every 3 days.

Figure 2. Application of the posterior pelvic tilt taping.

2.3. Outcome Measurements

Pelvic inclination was measured using an inclinometer and a palpation meter (PALM;
Performance Attainment Associations, St. Paul, MN, USA) consisting of two caliper arms.
This measurement tool was reported to be highly reliable for measuring height differences
between landmarks [25]. In this study, before measurement, the subjects stood upright
with the front of their thigh in contact with a fixed table, then the caliper tip of the PALM
was positioned on the ASIS and PSIS on the paralytic side, respectively, to measure the
anterior tilt angle.

The isometric strength of the hip extensor was measured using a handheld dynamome-
ter (Model 01163; Lafayette Inc., IN, USA). The subjects were instructed to stretch their
hip joint, flex their knee joints by 90◦, and to extend their legs backwards against the
hand-held dynamometer for 5 seconds in a side-lying position. The average value of three
measurements was used. The handheld dynamometer is known to have high intra-rater
and inter-rater reliability in patients with nervous system damage [26].

Gait ability was measured using the 10-meter walk test (10MWT). This measurement
tool measures the time it takes to walk 10 meters, and the intra-rater and inter-rater
reliabilities have been reported to be high [27].

2.4. Data Analysis

Statistical analysis was performed using SPSS 21.0 (IBM, Armonk, NY, USA). The
Shapiro–Wilk test was used to evaluate the normality of the variables. Independent t-tests
and chi–square tests were used to compare the baseline characteristics of the two groups
of continuous and categorical variables. A paired t-test was performed to examine the
changes in pelvic inclination, strength, and gait speed within a group. An independent
t-test was used to determine any significant differences between the two groups in the
amount of change in pelvic inclination, strength, and gait speed before and after 6 weeks
of training. The significance level was set at p < 0.05.

3. Results

3.1. General Characteristics of Participants

No significant difference was found in the general characteristics between the PPTT
and control groups before treatment (Table 1). In this study, there was one person who
complained of redness due to the tape, but no other person complained of any special
side effects.
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3.2. Changes in Pelvic Inclination

The PPTT group (mean change, each 18.2 ± 3.6 vs. 14.2 ± 2.8, p < 0.05) showed a
greater degree of improvement in pelvic inclination than the control group (mean change,
each 16.9 ± 2.8 vs. 15.5 ± 2.8, p < 0.05) (Table 2).

Table 2. Changes in pelvic inclination of the study participants (N = 40).

PPTT Group Control Group
Difference p-Value

Pre-Test Post-Test Difference Pre-Test Post-Test

Pelvic
inclination (◦) 18.2 ± 3.6 14.2 ± 2.8 * −4.0 ± 2.8 16.9 ± 2.8 15.5 ± 2.8 * −1.4 ± 1.2 <0.001

PPTT, Posterior pelvic tilt taping. * Significant difference between pre-test and post-test (p < 0.05).

3.3. Changes in Muscle Strength

Significantly greater improvements in hip extensor muscle strength were observed
in the PPTT group (mean change, each 9.9 ± 2.4, 14.6 ± 3.0, p < 0.05) than in the control
group (mean change, each 10.7 ± 1.7, 12.6 ± 1.6, p < 0.05) (Table 3).

Table 3. Changes in the muscle strength of the study participants (N = 40).

PPTT Group Control Group
Difference p-Value

Pre-Test Post-Test Difference Pre-Test Post-Test

Muscle
strength (kg) 9.9 ± 2.4 14.6 ± 3.0 * 4.7 ± 2.3 10.7 ± 1.7 12.6 ± 1.6 * 1.8 ± 1.7 <0.001

PPTT, Posterior pelvic tilt taping. * Significant difference between pre-test and post-test (p < 0.05).

3.4. Changes in Gait Speed

After training, the PPTT group (26.0 ± 5.1 vs. 21.1 ± 4.1, p < 0.05) showed a more
significant improvement in gait speed than the control group (24.6 ± 4.6 vs. 22.3 ± 4.0,
p < 0.05) (Table 4).

Table 4. Changes in the gait speed of the study participants (N = 40).

PPTT Group Control Group
Difference p-Value

Pre-Test Post-Test Difference Pre-Test Post-Test

10MWT
(sec) 26.0 ± 5.1 21.1 ± 4.1 * −4.9 ± 1.6 24.6 ± 4.6 22.3 ± 4.0 * −2.3 ± 2.8 0.003

PPTT, Posterior pelvic tilt taping; 10MWT, 10 m walk test. * Significant difference between pre-test and post-test (p < 0.05).

4. Discussion

In this study, we investigated whether the application of posterior pelvic tilt taping in
stroke patients with an anterior pelvic inclination affected pelvic inclination. As a result,
the anterior pelvic tilt angle in the PPTT group was significantly decreased compared to
the control group. Unlike traditional methods, taping applied to the pelvis has elasticity
that exceeds the original length [11], and this elasticity increases overall joint movement,
skin deformation [28], and stimulation of cutaneous mechanoreceptors [29]. In a study that
investigated the effect of taping in lower-back pain patients with increased lordosis, the
anterior pelvic tilt was reduced by applying tape to the RA and EO. They reported that as
stimulation to mechanoreceptors activates nerve impulses, the strength of the abdominal
muscles increases, and consequently, the anterior pelvic tilt decreases [17]. In addition,
Bozorgmehr et al. argued that the length–tension relationship of the muscle could be
optimized as the application of taping can continuously pull the fascia concentrically and
shorten the distance between the muscle origin and insertion, and this could have a positive
effect on the joint alignment [18]. The reason the anterior pelvic tilt decreased in this study
is thought to be because, as in the previous study, the attachment method, which increases
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the elasticity of the tape, stimulates the skin’s mechanoreceptors to activate the muscles
involved in the posterior tilt of the pelvis, such as the RA and EO. Trunk muscle attaches to
the pelvis and provides core stability, which is an important factor in the normal postural
alignment of the pelvis [30,31]. Since the trunk is bilaterally innervated and connected
by the linea alba with fascia, damage to one side of the brain affects all of the abdominal
muscles, which in turn affects the position of the anterior superior iliac spines [9]. The
normal anterior pelvic tilt angle was reported as 11 ± 4◦ [22–24]. In this study, a stroke
patient with a pelvic anterior tilt angle of 15◦ or more was targeted. After training, the
anterior pelvic tilt angle of the PPTT group was 14.2◦, which was within the normal range,
indicating clinically significant results.

In addition, in this study, as a result of examining the effect on the muscle strength
of the hip extensor involved in the posterior tilt of the pelvis after training, it was con-
firmed that the PPTT group had a significant improvement compared to the control group.
In stroke patients, altered pelvic alignment makes trunk–pelvic dissociation difficult or
decreases control of the hip muscles around the pelvis, resulting in asymmetrical weight
distribution on the affected side during gait [32], which in turn leads to a weakening of the
affected limb due to non-use. In a study on the pelvic alignment of stroke patients, pelvic
asymmetry was reported to have a significant correlation with weight-bearing asymme-
try [9]. In addition, Verheyden et al. reported that the posture of stroke patients is forward
leaning compared to healthy adults, and that posture control ability decreased significantly
as the bent increased [10]. In this study, in the case of the PPTT group, posterior pelvic tilt
taping was applied during sitting-to-standing, indoor walking, and stair walking training.
Although the change in the center of mass was not measured in this study, it is thought
that as the alignment of the pelvis was improved, the center of mass was moved backward,
thereby promoting the muscle activity of the hip extensor. Dubey et al. reported that
the hip extensor’s muscle strength and gait speed were improved after pelvic stability
training, which is related to the recruitment of more motor units and the reorganization of
the muscle fiber structure as an adaptive response to postural alignment [1].

Previous studies reported that stroke patients exhibit low temporal synchronization
between the pelvis and lower extremities when walking or performing functional postures
and showed anterior pelvic tilt with impaired motor function [5,6]. Moreover, Kim et al.
confirmed that the anterior pelvic tilt in stroke patients had significant negative correlations
with gait velocity, cadence, and step length [22]. In addition, in stroke patients, weakening
of the hip extensor, which is most involved in the terminal stance of the gait, affects the
movement control of the hip and knee flexion during the ipsilateral swing phase, resulting
in a decrease in walking speed [33,34]. In this study, the gait speed of the PPTT group
significantly increased after training compared to the control group, which is thought to be
due to the improvement of the anterior pelvic tilt and the resulting increase in the muscle
strength of the hip extensor, resulting in an improved posture in the stance phase.

In this study, we confirmed that posterior pelvic tilt taping has a significant effect on
pelvic inclination, muscle strength, and gait ability in stroke patients. Pelvic asymmetry
causes a negative effect on postural control in stroke patients, but there is no exercise
specifically designed for this, and it is more difficult to correct the patient. If the taping
attachment method used in this study is used during weight support training, which
is widely used for the rehabilitation of stroke patients, it will help to correct the pelvic
alignment easily at home by activating the muscles that posteriorly tilt the pelvis. However,
it is difficult to generalize due to the small number of subjects, and it was not confirmed
whether activation of the trunk muscle was increased, or the center of gravity was changed.
Therefore, in a future study, it will be necessary to examine the effects on various gait
variables such as cadence, step length, and gait symmetry, as well as the angle of the trunk
and lower limb joints whilst walking using a 3D motion analyzer, along with the activation
of the trunk muscles.
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5. Conclusions

The results of this study demonstrated that posterior pelvic tilt taping can improve
pelvic tilt, leg muscle strength, and gait in stroke patients with excessive anterior pelvic tilt.
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Abstract: Multiple sclerosis is an increasingly prevalent disease, representing the leading cause of
non-traumatic neurological disease in Europe and North America. The most common symptoms
include gait deficits, balance and coordination impairments, fatigue, spasticity, dysphagia and an
overactive bladder. Neurorehabilitation therapeutic approaches aim to alleviate symptoms and
improve the quality of life through promoting positive immunological transformations and neuro-
plasticity. The purpose of this study is to evaluate the current treatments for the most debilitating
symptoms in multiple sclerosis, identify areas for future improvement, and provide a reference
guide for practitioners in the field. It analyzes the most cited procedures currently in use for the
management of a number of symptoms affecting the majority of patients with multiple sclerosis,
from different training routines to cognitive rehabilitation and therapies using physical agents, such
as electrostimulation, hydrotherapy, cryotherapy and electromagnetic fields. Furthermore, it inves-
tigates the quality of evidence for the aforementioned therapies and the different tests applied in
practice to assess their utility. Lastly, the study looks at potential future candidates for the treatment
and evaluation of patients with multiple sclerosis and the supposed benefits they could bring in
clinical settings.

Keywords: multiple sclerosis; rehabilitation; gait; balance; fatigue; spasticity; dysphagia; overactive
bladder; neurorehabilitation

1. Introduction

Multiple sclerosis (MS) is an immunologically driven pathology affecting the central
nervous system, characterized by chronic inflammation and progressive demyelinating
lesions, with an unidentified etiology [1]. MS is currently affecting 2.8 million people
worldwide, while in North America and Europe it is the leading cause of chronic non-
traumatic neurological disease in young adults [2]. The prevalence is higher in women
(69%) than in men (31%), and the number of children below the age of 18 reported to suffer
from MS is continuously increasing [2].
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The symptoms caused by multiple sclerosis cover a wide spectrum of neurological
impairments, due to the nature of the lesions, which can be located in various areas
of the central nervous system. However, the most common of them include diplopia
(double vision), loss of sight in one or more areas of the visual field, nystagmus, dysphagia
(difficulty swallowing solids, liquids or both), dysphonia, cognitive function impairments,
alterations in all types of sensitive perception, fatigue, gait and balance disorders, ataxia,
spasticity, and bowel and bladder disorders [3,4]. In addition to the above-mentioned
impairments, walking is also gradually affected, specifically the speed and distance covered
without the occurrence of fatigue, leading to an increased dependence in the activities
of daily living (ADL) and a decreased quality of life (QoL) [5,6]. To assess the level of
disability and therapeutic approaches in clinical settings for patients suffering from multiple
sclerosis, Dr. John Kurtzke developed in the 1950s the Kurtzke Disability Status Scale
(DSS), which has since been modified several times and led to the currently used 10-point
Expanded Disability Status Scale (EDSS) [7]. The EDSS measures gait and eight additional
functional systems (FS): pyramidal (motor function), cerebellar, brainstem, sensory, bowel
and bladder, visual, cerebral or mental and other. The scores start at 0, which translates
into a normal neurological exam; 1–3 corresponds to a mild disability, without signs of
affected ambulation; 3.5–5.5 represents a moderate disability, with patients starting to
display ambulation restrictions; a score of 6–6.5 requires walking aids; 7–8 refers to the
need to use a wheelchair; in the 8.5 to 9.5 range, the patient is generally restricted to bed
and a score of 10 corresponds to death due to MS [8].

One of the treatments used for multiple sclerosis consists of drug therapies that have
the capacity to positively influence the rate of relapses, the progression of lesions on MRI
(magnetic resonance imaging) scans, as well as the overall evolution of the disease [9].
However, while the majority of these medicines are able to improve certain parameters,
such as ambulation capability, fatigue, and spasticity to various degrees, studies show they
have little effect on pre-existing neurological deficits [10,11].

Neurorehabilitation has only recently been considered a treatment option in the context
of multiple sclerosis, and is generally being used either as a supportive therapy for the
control of symptoms or as a preventive approach for the consequences related to a sedentary
lifestyle [12–14]. Studies show that MS patients that are included in rehabilitation programs
improved their quality of life and are more independent in their activities of daily living [15,16].
Furthermore, several symptoms associated with MS are beneficially impacted through
exercise, such as cardiovascular capacity [17], neuromuscular function [18], ambulation [19],
depression [20], and cognitive performance [21]. Recently, neuroimaging techniques have
also revealed the positive effects of neurorehabilitation on the anatomy and physiology of
the brain, together with markers of inflammation [22–25].

Neurorehabilitation is a therapeutic option for all multiple sclerosis patients that is
constantly adapting and improving together with the advancement of technology, making
it an increasingly affordable and easy-to-self-administer approach [26]. With the advent of
the COVID-19 pandemic, professionals have made more use of novel techniques to allow
patients to participate remotely in programs through telerehabilitation [27]. Moreover,
various types of passive exercise technologies, which can target specific brain areas involved
in MS, are being implemented in everyday practice, such as noninvasive brain stimulation
(NIBS) and robot-assisted therapy devices [28]. More specifically, repetitive transcranial
magnetic stimulation (rTMS) as a form of NIBS has proven its utility in the treatment of
cognitive deficits, spasticity and fatigue in the context of multiple sclerosis [29,30].

2. The Effect of Neurorehabilitation on the Neurobiological Particularities of Multiple
Sclerosis Patients

The central nervous system (CNS) possesses a characteristic called neuroplasticity,
which can be defined by its ability to adapt and remodel as a result of environmental
pressure, exerted upon itself by disease or injury [31]. This adaptive response triggers
alterations in the neuroglia (changes of number and size), the grey matter (the building
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of new synapses, dendritic branching modifications and axonal sprouting) and the white
matter (myelin production, fiber density alterations) [31]. Neuroplasticity can be noticed
subsequent to neurological lesions such as stroke, and has also been documented in pa-
tients with MS, potentially compensating for the damage caused by the demyelination
processes [11]. Research involving functional magnetic resonance imaging (fMRI) high-
lights the ability of MS patients’ brains to continuously reorganize, but in an apparently
limited manner in severe cases of MS, possibly due to the extension of the underlying
lesions [31]. A study conducted by Bonzano et al. demonstrated that the neuroplasticity
in MS could be preserved through neurorehabilitation programs designed to extend over
predetermined periods of time [32]. Moreover, other research involving fMRI scans showed
that in comparison to the control groups, non-disabled MS patients used more energy
when asked to perform simple tasks and presented more activated areas in the brain [33].
Neuroplasticity influences a variety of functions, such as memory, cognition, and motor
function [34–37].

The literature regarding the fMRI changes in the brains of MS patients also analyzed
the impacts of cognitive rehabilitation [38]. Following cognitive rehabilitation programs,
resting-state MRI neuroimaging revealed an improvement in the patterns of brain synchro-
nization and cognitive performance, involving areas in the right frontal middle orbital gyrus
and the visual medial resting state network (RSN), from the cerebellum crus 1 region, which
corresponded to the clinically observed improved performances [38]. Furthermore, other
studies achieved similar results when using the classic block-design fMRI technique [39–42],
thus underlining the importance of the cerebellum in performing executive tasks and in
the process of cognition.

Nevertheless, changes occurring in the architecture of the brain through neuroplasticity
can also be detrimental to the individual, by sustaining or contributing to the preexisting
disability [43,44]. To exemplify this, a number of studies have suggested that brain plasticity
is preserved regardless of the severity of the cerebral pathology, as long as rehabilitation
focuses on repeating a task for a sufficient amount of time [43–45], while others report
a decreased or potentially absent adaptive capacity in patients suffering from a primary
progressive form of MS, as opposed to those with relapsing–remitting MS [46]. Furthermore,
research shows that the newly formed network connections in the brains of MS patients
have a higher complexity level than the previous architecture of the healthy brain, unlike
other conditions, such as stroke, where brain tissue restoration follows its original network
patterns [47–52]. In addition, the neuroplasticity of patients with MS could decline after two
years of an initial increase, thus leading to a progression of the disease and disability [53,54].

Besides the changes in neuroplasticity determined by neurorehabilitation programs,
the exercises involved can also induce peripheral immunomodulatory responses [55,56].
Research focusing on experimental autoimmune encephalomyelitis (EAE) in mice found
that endurance and resistance training protocols could enhance the immunosuppressive
functions by elevating the markers of regulatory T lymphocytes (Treg), therefore leading to
an improvement in neurological disability [57], and this was further confirmed through
passive immunization [58,59]. Consequential benefits were also observed regarding cy-
tokine levels, infiltrating immune cells, astrogliosis, and microgliosis [55,56]. Recently, a
novel regulatory connection between the peripheral immune system and the hypothalamus
was discovered in EAE mice through environmental enrichment. The research highlights
the immunomodulatory activity determined by the effect of the brain-derived neurotrophic
factor (BDNF), produced in the hypothalamus, upon the glucocorticoid receptor in thymo-
cytes [60]. Likewise, demyelinating models in mice, using cuprizone (CPZ) and lysolecithin
(LCT), showed the potential of voluntary exercise to determine myelination and direct anti-
inflammatory effects, through reduced microgliosis, astrogliosis and the loss of myelin, and
enhanced myelin production capacity and the proliferation of oligodendrocyte precursor
cells (OPCs), respectively [61,62].

Lastly, neurorehabilitation programs may have beneficial effects on the gut microbiota of
patients with a long history of MS, which could improve the level of inflammation related
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to the disease [63]. Past studies observed various levels of dysbiosis in patients suffering
from multiple sclerosis when compared to healthy individuals, with a severe depletion in
short-chain fatty acids (SCFAs)-producing bacteria from the Lachnospiraceae family [64–66].
One of the SCFAs that is of particular importance in the context of multiple sclerosis is
butyrate, a bacterial metabolite that is involved in preserving the integrity of the intestinal
barrier, and also in the process of Treg differentiation [67–71]. Furthermore, higher levels of
bacteria involved in pro-inflammatory responses were detected in the case of MS patients,
with gut microbiota enriched in species such as Prevotella and Collinsella [63,72,73]. The
reassessment of the individuals involved in the study following a complex rehabilitation
routine revealed an improved clinical status, namely, improved fatigue and gait, in tight
correlation with reduced inflammatory markers, particularly the pro-inflammatory cytokine
IL-17 and a more balanced gut microbiota [63].

3. Present Therapeutic Approaches

Multiple sclerosis causes a wide range of symptoms determined by various lesional
patterns in the central nervous system that lead to a degree of handicap. While the relapsing–
remitting form most commonly displays visual and sensory deficiencies (46% and 41%
respectively), primary–progressive MS typically displays gait impairments (88%) and
various degrees of paresis (38%) [74]. Symptoms may have a variable influence on the
quality of life of each patient, with fatigue being the most commonly reported disturbance
of everyday life activities [75]. The median survival time is around 40 years from the
moment it was diagnosed; therefore, many MS patients report a variable degree of disability
throughout the course of the disease. About 29% of patients require a wheelchair and 50%
are using walking aids 15 years following the diagnosis [76]. Furthermore, the median
time of retirement is 11.1 years from diagnosis, which is significantly lower than in the
average population [77]. Treatments that aim to improve the symptoms of multiple sclerosis
are therefore essential, and must take a multidisciplinary approach between a number of
medical specialties, requiring medication, neurorehabilitation, and psychological therapy.

3.1. Disease-Modifying Therapies and Symptomatic Medication in Multiple Sclerosis

Patients diagnosed with multiple sclerosis are required to follow a strict drug ther-
apy course for the rest of their lives. The gold standard treatment for acute relapses is
represented by intravenous steroids administered in high doses to diminish the inflam-
matory damage and accelerate the recovery process [78]. Pro-inflammatory metabolite
clearance through plasmapheresis could also be considered in cases that do not show an
improvement after steroids [79]. Chronic medical treatment includes various classes of
drugs, amongst which immunomodulatory medicines represent the first-line agents [80].
Beta interferons (IFNβ) were the first disease-modifying therapies to be approved in 1993,
offering clinicians a valuable tool to reduce the number of relapses and to postpone the
onset of disability in relapsing–remitting MS patients [81]. Other drugs utilized for the treat-
ment of relapsing–remitting MS include injectable therapies such as glatiramer acetate and
oral therapies such as fingolimod, dimethyl fumarate, diroximel fumarate, teriflunomide,
Siponimod, and cladribine [82]. The only available treatment for primary–progressive MS
is ocrelizumab [82]. Other lines of treatment aim at improving the debilitating symptoms
associated with the progression of the disease. Therefore, drug therapies with gabapentin,
tizanidine or baclofen have been proven effective in reducing spasticity [83,84]; botulinum
toxin injections or oral oxybutynin could improve overactive bladder symptoms [85,86];
fatigue management could be achieved using modafinil or amantadine [87], while lamotrig-
ine, gabapentin and carbamazepine could alleviate sudden pain attacks [88,89]. However,
while effective in managing the disease, the above-mentioned treatments do not stop the
progression of multiple sclerosis.
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3.2. Physical Rehabilitation Strategies

The focus of rehabilitation is to help patients with multiple sclerosis acquire the best
possible recovery, allowing them to reduce their physical and mental impairments and
offering them the possibility to remain completely or partially integrated in society. For
instance, the current guidelines of the National Health Service (NHS) in the UK offer
patients suffering from MS a two-week rehabilitation program, consisting of a personalized
number of daily sessions of the following therapies: physiotherapy, occupational therapy,
speech and language therapy, diet and nutrition advice and neuropsychology [90]. Further,
this paper will discuss the current approaches to neurorehabilitation for the most common
symptoms of multiple sclerosis. It is worth mentioning that patients with multiple sclerosis
might present a variety of the following symptoms in different degrees of severity. Various
techniques can be used for treating multiple symptoms. The goal of rehabilitation is to
improve the quality of life of MS patients, by targeting the most debilitating symptoms for
each individual, without overexerting them. Thus, when putting together a neurorehabili-
tation routine for a specific MS patient, the practitioner should consider using techniques
that are both efficient and target more than one symptom that particular patient is present-
ing. The symptoms and overlapping techniques used for their treatment are presented in
Figure 1.

Figure 1. Multiple sclerosis symptoms and rehabilitation treatments. Caption: Rehabilitation treat-
ments ordered by number of symptoms addressed in multiple sclerosis patients.
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3.2.1. Gait Management

Walking impairment is one of the most frequent and debilitating symptoms experi-
enced by people diagnosed with multiple sclerosis, with up to 93% of them experiencing
a variable degree of gait limitation 10 years after diagnosis [91,92]. Objectively, walking
disabilities can be measured in a clinical setting using well-established tests, such as the
2-Minute Walk Test (2MWT), the 6-Minute Walk Test (6MWT) [93], the Timed 25-Foot Walk
test (T25FW) [94] and the 12-Item Multiple Sclerosis Walking Scale (MSWS-12) [95]. These
tests are useful tools for assessing the activity of the disease, and offer the possibility of
evaluating treatment efficacy.

The majority of patients with multiple sclerosis present muscle weakness, more fre-
quently in the trunk and lower limbs. This is considered one of the most important
contributing factors that determine gait impairment [96–98]. Strength training is therefore
crucial, and should be performed at least twice every week in the process of rehabilitation
for people with MS [99]. Moreover, studies have shown that this type of physical activity is
beneficial for maintaining neuroplasticity through the activation of motor units and firing
rate synchronization [100]. Strength training exercises can be performed using a variety of
techniques, machines and weight levels, and can target different muscle groups, with all of
these different approaches offering similar outcomes [101]. When it comes to weights, some
clinicians prefer using solely the body weight of the patient performing the exercises [102,103],
while others choose weight machines, resistance bands [104] or cuff weights [105]. The
weight machines most commonly utilized are the traditional ones [106–108], or may include
isokinetic dynamometers [109]. Finally, the typically targeted muscle groups include the
ones involved in knee extension [105–108], knee flexion [106,110,111], hip extension, flex-
ion [104,106,108] and abduction [103,104], and ankle flexion [109] and extension [110], with
most programs consisting of a combination of the abovementioned.

A complementary type of exercise for people with gait deficiencies is endurance
training—for example, walking and cycling, which aim to improve aerobic capacity and
allow MS patients to walk increasingly longer distances [112]. However, due to the in-
creased risk of falling, body weight-supported treadmill training (BWSTT) is preferred—an
exercise that can be useful in the early initiation phase [113]. A novel and more efficient
way of performing BWSTT is through robotic-assisted gait training (RAGT), which is more
stable, provides a reduced workload for the physiotherapist and is more physiological and
reproducible [114]. While most studies focus on progressive resistance training, there is also
an alternative approach to gait training. One particular exercise that can be replicated on
body weight-supported devices is speed-intensive gait training, involving alternating short
intervals of walking at faster speeds with longer periods of walking at a normal pace [115].
This can enhance endurance, speed and other measurable parameters, both in the healthy
population [116,117] and in patients suffering from neurological impairments [118,119].

Ankle–foot orthoses (AFOs) represent a frequently recommended solution for gait,
balance and strength improvement [120]. Previous studies suggest that their utility is more
pronounced in people with higher levels of disability [121]. Recently, clinicians have also
started recommending textured insoles for similar purposes, which have shown promising
results after repeated plantar stimulation for more than two weeks [122,123].

3.2.2. Balance and Coordination Management

Balance and coordination impairments are some of the most common issues reported
by patients suffering from multiple sclerosis. Exercises that focus on balance improvement
should aim at preventing falls, and enhancing walking stability and posture control, while
those targeted at improving coordination should reduce energy requirements and increase
the continuity of movement. Frenkel exercises are commonly used for this purpose. They
consist of slow repetitions of each stage of movement that gradually increase in complexity
and require high levels of concentration. For instance, the action of sitting up is split into
three phases—withdrawing the feet, bending the trunk forward, straightening the legs
while getting up [124]. In order to improve the accuracy of exercises for each individual
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case, patients that are capable of standing without support can be required to perform
the exercises on a stabilometric platform [125]. Balance and coordination training can be
complemented by proprioception exercises, which further decrease the risk of injury in
patients affected by balance impairments [126]. An alternative to the abovementioned is
hippotherapy, which uses the natural movement of a horse to improve balance and gait in
people suffering from various neurological conditions [127].

A certain degree of variation is required during the rehabilitation process of people
with MS, due to the lengthy periods of time involved, which could determine a lower level
of motivation and compliance to treatment. Therefore, the Bobath concept could be used
as an option to improve the outcomes of these patients [128]. The Bobath concept, also
known as neurodevelopmental treatment, is a problem-solving approach, which assumes
dysfunctional postural reflexes needed for movement coordination and equilibrium are
the essential cause of motor deficits in people with central nervous system lesions [124].
It focuses on inhibiting pathological tonic reflexes in order to achieve appropriate active
motion and muscle tension. The approach is also more convenient for people with higher
EDSS scores, thanks to the fact that it can be applied in a multitude of positions, including
supine and prone positions.

Proprioceptive neuromuscular facilitation (PNF) is a rehabilitation technique that can
also be used to improve balance and coordination, together with mobility and spastic-
ity [129,130]. It enhances the muscle function through stimulation of the proprioceptive
organs present in tendons and muscles, thus improving postural reflexes and increasing
balance, strength and flexibility [131,132]. The method has been extensively studied and
proven efficient in patients with post-stroke impairments, and requires further assessment
in patients with MS, as it could provide a valuable addition to their treatment.

3.2.3. Fatigue Management

Another frequent symptom reported by MS patients is fatigue, which is encountered
in 75–95% of cases [133–135] and is considered a key factor affecting the quality of life in
these people [136,137]. Fatigue is defined as a perceived reduction in physical and mental
energy that hinders everyday activities [135]. Physical exercise, especially aerobic training,
can improve both primary and secondary fatigue in MS patients, through direct changes in
the central nervous system and inflammation reduction, but also by improving depression
symptoms and quality of sleep [138]. Physical exercises for fatigue management should be
adapted to each individual, taking into consideration the patient’s degree of disability [139].
These include strength exercises, aerobic training (walking, running, swimming, cycling),
neuromotor exercises (dancing, tai chi, yoga, pilates) and breathing exercises [138].

In addition to physical training, physiotherapy procedures should be used to enhance
the effects of exercise. Approaches using high temperatures should be avoided, considering
the negative impact of heat on nerve conductivity and fatigue [140]. Cryotherapy has
proven its potential benefits on fatigue management in several instances, either through
whole-body cryotherapy, which involves short sessions of whole-body exposure to ultra-
low temperatures (−110 ◦C) [141], or by using a cooling garment [142]. However, patients
with certain conditions, such as hypertension, cardiovascular diseases, a history of blood
clotting or thyroid sufferance, should not be exposed to cryotherapy [141].

Another procedure for MS patients with fatigue is pulsed electromagnetic field therapy
(PEMF). One of the advantages of this technique is that it offers the option of using it at
home, through a small, portable device [143]. One of the routines studied involved 8 min
sessions, two times a day for 12 weeks, which resulted in significant improvements in the
level of perceived fatigue [144].

Training programs can also be enhanced by functional electrical stimulation (FES) in
patients with MS [145,146]. One study analyzed the effects of muscular electrical stim-
ulation through FES during cycling. The researchers observed an amelioration of pain,
fatigue and cognitive impairment after 24 weeks of training [145]. In another paper, FES
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was applied on the quadricep muscles during training, showing beneficial effects on fatigue
levels after 8 weeks [146].

3.2.4. Spasticity Management

A symptom that is particularly debilitating in MS is spasticity. This can involve all four
limbs, with an increased predilection towards the lower extremities, and it is measured by
the Modified Ashworth Scale (MAS) that ranges from 0 (no increase in tone) to 4 (flexion and
extension are limited in the examined part). In moderation, spasticity can exert beneficial
effects on blood circulation and can counter muscle atrophy. However, beyond a certain
level, it leads to joint malformations, contractures and pressure ulcers. Spasticity is present
in 40–60% of MS patients [124].

The management of spasticity requires a spectrum of therapies including medication
(baclofen administered through intrathecal or oral route), transcranial magnetic stimula-
tion, botulinum toxin injections and physiotherapy [147–149]. Of the abovementioned,
physiotherapy is the most utilized treatment applied to patients living with spasticity [150].
The approaches taken by rehabilitation programs to treat this impairment range from
physical training to vibration therapy (focal muscle vibration or whole-body vibration),
hydrotherapy, electrical stimulation, radial shock wave therapy, electromagnetic fields,
cryotherapy, and therapeutic standing on an Oswestry standing frame [149]. Their aim is
to maintain neuroplasticity, prevent contracture and preserve the length of muscles [151].

Rehabilitation plans should not employ intense physical efforts, which can aggravate
spasticity, and instead should prioritize the use of physical agents ahead of exercise training,
for enhancing the efficiency of the latter [124]. Cryotherapy is one of the procedures that
can be used prior to exercise initiation, and is utilized either systemically through whole-
body cryotherapy and ice baths, or locally through cryo cuffs, cooling garments and ice
massage [152,153]. Its purpose is to induce local anesthesia and reduce the reaction to
active stretching.

Physical training to alleviate spasticity should be introduced gradually, starting with
lighter exercises and avoiding intense stretching, and should concentrate on improving
the range of motion of the ankle dorsiflexion, decreasing the muscle tone in the calf,
and enhancing the strength of the antigravity muscles [154,155]. Literature reviews have
found significant improvements in spasticity and MAS in patients engaged in BWSTT and
RAGT [156,157], and in those performing outpatient exercises, such as walking, endurance,
aquatic, active and passive stretching exercises [149].

Electrotherapy is another physiotherapeutic method for alleviating spasticity. It can be
applied in the form of transcutaneous electrical nerve stimulation (TENS), functional electrical
stimulation (FES), neuromuscular electrical stimulation (NMES), and Hufschmidt electrical
stimulation. TENS is typically used for the treatment of pain; however, it can provide an
alternative treatment for spasticity, if used prior to physical training [158,159]. The method
uses electrodes placed on dermatomes or along the nerves, delivering frequencies that range
between 1 and 100 Hz. The frequency can be adapted to every individual level of feeling,
yet most studies involving spastic paresis used frequencies of 99–100 Hz [159]. The intensity
ranged between 15 and 50 mA and the impulse duration between 0.06 and 0.2 ms [159]. In
contrast, FES uses rectangular pulse currents with lower frequencies of 20–50 Hz and pulse
widths of 0.1–0.2 ms, applied on paretic muscles [124]. NMES is a more efficient procedure
that is not influenced by motor neuron damage. It uses electrical impulses that are stronger
and wider than the ones used in TENS. The functional parameters are usually established
through electromyography (EMG) investigations [160].

Electromagnetic fields represent a further type of therapeutic intervention that im-
proves spasticity in MS patients. According to the literature, they can be delivered through
either transcranial magnetic stimulation [161,162], pulsed electromagnetic field therapy
(PEMF) [143,163] or repetitive peripheral magnetic nerve stimulation (RPMS) [164,165]. The
advantages of using peripheral electromagnetic fields in the treatment of spasticity reside
in the fact that they induce significantly less pain than other types of electrotherapy, such as
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NMES [166], they are permeable through human tissues, and they do not produce heat [124].
The frequencies cited by various studies are placed within the 1–150 Hz range [167], with
impulses having trapezoidal, sinusoidal, rectangular, or triangular shapes [124].

Water can provide a good environment, and presents a multitude of benefits, for MS
patients. Hydrotherapy decreases the activity of gamma neurons, and limits the afferent
impulses, leading to a relaxing and analgesic effect, and finally to a reduction in spasticity.
The preferred temperature is between 34 and 36 ◦C, and hot baths are not permitted in
order to avoid the occurrence of the Uhthoff effect [168]. Water also acts as a supportive
medium for physical exercises, without presenting the risk of falling, therefore increasing
mobility in patients with multiple sclerosis. In addition, hydrotherapy improves fatigue
and depression symptoms [169].

3.2.5. Dysphagia Management

Dysphagia is a symptom that occurs in around 43% of MS patients [170], and is
the result of a number of factors such as cognitive impairment, cranial nerves paresis
and accumulated lesions in the brainstem, cerebellum and the corticobulbar tracts [171].
If left untreated, it can seriously impact the quality of life and lead to life-threatening
consequences such as malnutrition, dehydration and aspiration pneumonia [172]. Since
it can be associated with speech disorders, the utilized therapies often focus on treating
the two symptoms associatively, through physiotherapy, occupational therapy and speech–
language therapy (SLT) [173].

SLT is an essential tool in the rehabilitation of MS patients suffering from dysphagia,
which aims at re-teaching swallowing in order to prevent food aspiration. The therapy
includes exercises that strengthen the muscle structures involved in swallowing, the stimu-
lation of the deglutition and cough reflexes (for defense purposes), posture training for the
head and trunk, and the establishment of compensatory actions for more natural swallow-
ing [174]. For example, in a case study described by Farazi et al., which rendered positive
results, SLT procedures were provided two to three times every day, for two weeks. One
of the techniques involved was compensatory swallow therapy through progressively in-
creasing the quantity and consistency of the intake. Further, oral motor exercises including
passive and active movements, as well as massage, were included. Chin-down posture
training and the Mandelson method were also part of the program [173].

Physiotherapy can provide useful tools for managing dysphagia through physical
exercises, botulinum toxin injections and electrotherapy [174]. Weight management and
appetite stimulation are some of the beneficial effects of increased physical activity. Bo-
tulinum toxin treatment is administered in the cryopharingeus muscle under general or
local anesthesia for upper esophageal sphincter dysfunctions [175]. It can be injected either
through esophagoscopy [176] or percutaneously through electromyographic guidance [177].
Lastly, transcranial direct current stimulation is another viable therapeutic approach for
MS patients with swallowing difficulties. Recent studies have demonstrated a mild and
transient improvement in deglutition scores when the current was applied over the right
swallowing motor cortex for five consecutive days [178].

3.2.6. Overactive Bladder Management

Between 63% and 68% of patients with multiple sclerosis develop neurogenic bladder
dysfunction during the course of the disease [179]. Therapeutic strategies that target
it include pelvic floor muscle training (PFMT), also known as Kegel exercises, bladder
training, drug therapies, electrostimulation therapy and botulinum toxin injections [74].

Pelvic floor muscle training is aimed at increasing the resting tension of the pelvic
diaphragm, through a series of repetitions of tensing and relaxing the groups of muscles
in the region [180]. Strengthening these muscles allows them to contract for prolonged
periods, therefore enhancing the control over the mechanism of urination. Other muscle
groups, such as the adductor, the gluteal and the transversus abdominis muscles, should
be strengthened together with PFMT, as they present a reduced activation in patients with
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urinary incontinence [181]. Bladder training programs that aim to increase the capacity
of the bladder through behavioral changes [182] can also be associated, and if necessary,
weight loss should be considered in order to reduce physical stress over the bladder [183].

Electrostimulation therapy is another alternative for the management of an overactive
bladder. Electrostimulation can be vaginal or anal, and it is directed at stimulating the
pudendal nerves while inhibiting hyperreflexia [74]. Moreover, botulinum toxin injected in
the detrusor muscle via cystoscopy also has the ability to suppress hyperreflexia. Studies
have shown that doses of 100–150 units were effective for 3–6 months [180].

3.3. Cognitive Rehabilitation

Besides the physical disabilities caused by the brain lesions in multiple sclerosis, cog-
nitive impairments are also associated in 34–65% of cases, depending on the duration of
the disease and the age at onset [184]. These include memory deficits, diminished speed of
processing and attention, and other symptoms linked with a decreased cognitive reserve.
The brain structures that show a particularly affected connectivity are the cortical prefrontal
lobe and the amygdala in the limbic system, responsible for emotional control [185]. To-
gether with cognitive deficits, this leads to the further development of depression and other
emotional disorders [186].

In treating these afflictions, neurocognitive rehabilitation needs to be associated with
psychotherapy for the optimal therapeutic outcome. Disease severity or duration seem
to be less related to the development of emotional disorders than inadequate acceptance
and coping mechanisms, therefore downgrading medication to a second-line treatment
option [187]. Cognitive reappraisal, coping improvement and stress management are
all effective strategies for treating depression and improving the quality of life of these
patients [188,189]. Cognitive behavioral therapy (CBT) is an example of psychotherapy
that enables cortical prefrontal structures to mitigate negative emotional responses by
adjusting the patients’ perception and stress levels in situations outside their control [190].
Neurocognitive rehabilitation is a useful tool in ameliorating cognitive impairments in
MS patients [191]. It is targeted at the brain’s neuroplasticity through retraining certain
functions, such as memory, attention, learning and executive functions [186]. Thanks to the
development of knowledge regarding neuroplasticity, new and improved methods are now
available for the treatment and diagnosis of cognitive deficits, including aerobic exercises
and transcranial direct current stimulation (tDCS) [192].

4. Subjective and Objective Measures of Improvement after Neurorehabilitation

The internet medical databases contain numerous studies on a variety of rehabilitation
procedures applied to MS patients, with the aim of alleviating their diverse symptoms.
However, while some of them provide moderate- to high-quality evidence for their benefits,
others do not offer such reliability. This may be due to the difficulty in designing double-
blinded studies in the area of rehabilitation, or to the subjective nature of some of the tests
used for assessment. Further, this paper will analyze some of the evidence provided for the
neurorehabilitation procedures involved in treating MS, together with the reliability of the
tests and scales that are applied.

Quality of life (QoL) is a complex assessment test that encompasses a wide spectrum
of domains covering the elaborate definition of health provided by the World Health
Organization [193]. In multiple sclerosis, QoL is impacted by a multitude of factors, such as
impairments affecting everyday activities, level of dependency on caregivers, employment
status, social support, or mental health [194–198]. In this context, QoL assessment provides
useful information concerning the progression of the disease or the impact of therapy [199,200].
Various rehabilitation interventions have been evaluated using QoL, mostly in the areas of
cognitive rehabilitation, psychotherapy, and the treatment of fatigue [201–204], all of which
have shown success in improving QoL scores. Furthermore, other studies that focused on
improving social support also enhanced the QoL [205,206].
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The activities of daily living (ADL) scale is another useful measure for multiple sclero-
sis patients, which focuses more on the physical impairment aspect, but it can also provide
insights related to cognition [207,208]. Rehabilitation programs aimed at improving mo-
bility, fatigue and cognitive deficits have been assessed using the ADL scale. In 2019, a
comprehensive Cochrane meta-analysis was published, with the purpose of evaluating
the quality of evidence (according to the GRADE framework) provided by previous re-
view papers that analyzed the impacts of various rehabilitation techniques on ADL [16].
Three randomized control studies from one review, comprising a total of 217 participants,
provided a moderate quality of evidence that multidisciplinary inpatient rehabilitation is
beneficial for improving mobility, functional independence (ADL) and locomotion (for pa-
tients using a wheelchair) [209–211]. However, the authors note that these studies provided
strong evidence for ADL (and the similar Barthel index) improvement due to rehabilitation,
but the quality of evidence was downgraded because different outcome measures were
used. A moderate quality of evidence was also provided regarding the efficacy of inpatient
or outpatient rehabilitation on improving bladder impairment, and the ability of exercise
training to enhance mobility, muscle strength and effort tolerance [16]. Evidence for balance
improvement using whole-body vibration techniques and for the short-term benefits of
telerehabilitation on functional activities was graded as low quality, due to the increased
risk of bias and the use of different outcome measures in the analyzed studies [16].

Gait rehabilitation is among the main goals in the treatment of multiple sclerosis.
The deficits are caused by a range of factors including sensory disturbances, cerebellar
impairments, spasticity, and muscle weakness that lead to a markedly decreased quality of
life [212]. In clinical settings, gait assessment is commonly performed using timed walking
tests (2MWT, 6MWT, T25FW) or standardized scales (EDSS). However, these measures do
not offer great reliability, due to the limits of timed walking tests used for evaluating gait
quality [213–215] or to the low sensitivity of EDSS to short-term changes [216]. A more
accurate method to assess the effect of neurorehabilitation on gait deficits is represented
by novel technologies in the form of wearable sensors [217]. These devices are able to
track the subtle changes in gait kinematics while performing a surface electromyography
(sEMG) that detects spasticity through muscle activation patterns [218,219]. In a study
performed by Huang et al., a 4-week multidisciplinary gait rehabilitation program was
assessed using wearable technology. They reported significant progress in gait speed,
kinematics, spasticity and balance, in alignment with improved results in the standard
clinical tests [220]. Moreover, wearable accelerometers could also be a useful tool in
monitoring gait kinematics in MS patients, even in non-clinical settings. Researchers
suggest that the future benefits of accelerometers reside in their potential to become a
biomarker for disease severity and progression [221].

Various neurorehabilitation strategies have been evaluated for balance and coordina-
tion improvement in MS patients. Currently, there are a number of tests that are used to
track different static and dynamic parameters that influence these two functions. The trunk
impairment scale (TIS), Berg balance scale (BBS), international cooperative ataxia rating
scale (ICARS) and nine-hole peg test (NHPT) are among the tests performed in clinical
settings. TIS is a reliable test applied to patients with multiple sclerosis that uses a selec-
tion of movements to evaluate three parameters: coordination, static sitting balance and
dynamic sitting balance [222]. The Berg balance scale represents another widely utilized
test comprising 14 items that provide information on the patient’s balance abilities and the
changes induced in them by rehabilitation programs [223]. Ataxia is an MS symptom that
can be assessed using ICARS, a valid and reliable scale containing four subscales targeting
posture and gait disorders, limb ataxia, dysarthria and oculomotor impairments [224].
Lastly, NHPT is a test that evaluates manual dexterity, affecting up to 75% of MS pa-
tients [225], and it is currently considered the gold standard in its field [226]. Previous
studies demonstrated significant improvements in all the above-mentioned tests after both
exercises based on the Bobath method and traditional rehabilitation routines [227]. In order
to improve the objectiveness of measurement, some authors have developed innovative
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solutions, such as video processing of the Berg balance scale parameters [228,229]. In these
studies, the assessments of 360-degree turning and the one-leg stance (both part of BBS) are
performed using a video camera, without any additional garments. As the authors state,
besides increased accuracy, the method could also provide a solution for self-monitoring to
patients. Furthermore, another study that used a mobile app based on the Romberg test
found it to have 80% sensitivity and 87% specificity in detecting balance disorders [230].

Although wearable devices performing sEMG are a sensitive and accurate way of
measuring changes in spasticity determined by neurorehabilitation, they are not a widely
available technology. Therefore, in most clinical settings, spasticity is evaluated using
standardized tests, such as the Ashworth scale (AS) or the modified Ashworth scale (MAS).
Most studies show an improvement in spasticity for patients with stable MS, measured
on these scales, especially after electrostimulation, RAGT and BWSTT [149]. However,
using H-reflex as a comparison, some authors have suggested MAS and AS are not able to
differentiate reflex from non-reflex forms of spasticity [231]. More research is required to
address the impact of rehabilitation on spasticity, and novel tests need to be designed for
this challenge.

Treatment for dysphagia can be assessed using either the Mann assessment of swal-
lowing ability (MASA) scale [232] or the penetration–aspiration scale (PAS) [233]. The
MASA scale comprises 24 items and has 73% sensitivity and 89% specificity for predict-
ing dysphagia [232]. PAS is used to evaluate the functional improvement of deglutition
through the fiber optic endoscopic evaluation of swallowing (FEES). Tarameshlu et al.
found significant and sustained improvements in both scores for MS patients following a
program of oral motor exercises and swallowing compensation techniques in comparison
to those who engaged solely in posture reeducation and diet prescription [232]. Other tests
recommended by different authors, which could provide useful insights, are the eating
assessment tool (EAT-10) and the more specific Dysphagia in multiple sclerosis (DYMUS)
questionnaire [174,234].

The findings regarding the therapeutic goals, approaches and assessment scales for
the most common symptoms in multiple sclerosis are summarized in Table 1.

Table 1. Neurorehabilitation for the most common symptoms in multiple sclerosis.

Symptom Rehabilitation Goals Method Assessment Test

Gait management
(up to 93% of patients after

10 years of
diagnosis [91,92])

Increasing lower limb
and trunk strength

Enhancing gait speed
and

endurance
Improving gait

kinematics
Maintaining

neuroplasticity

Strength training [5]
Endurance Training [6]

Robotic-assisted gait training [7]
Speed-intensive gait training [115]

Ankle–foot orthoses [8]
Proprioceptive neuromuscular

facilitation [130,131]
Virtual Reality [235]

Robotic Exoskeletons [236]

Subjective methods:
2-Minute Walk Test (2MWT) [9]
6-Minute Walk Test (6MWT) [9]

Timed 25-Foot Walk test
(T25FW) [10]

12-Item Multiple Sclerosis Walking
Scale (MSWS-12) [11]

Expanded Disability Status Scale
(EDSS)

Objective methods:
Wearable sensors combined with

surface electromyography
(sEMG) [217]

Accelerometers [221]

Balance and coordination
management

(80% of cases [237,238])

Preventing falls
Enhancing walking

stability
Posture control
Reduce energy
requirements

Increase continuity of
movement

Frenkel exercises [14]
Stabilometric platform [15]

Hippotherapy [127]
The Bobath concept [128]

Proprioceptive neuromuscular
facilitation [130,131]
Virtual Reality [239]

Robotic Exoskeletons [236]

Subjective methods:
Trunk impairment scale (TIS) [222]

Berg balance scale (BBS) [223]
International cooperative ataxia

rating scale (ICARS) [224]
Objective methods:

Video processed BBS [228,229]
Mobile apps [230]

Nine-hole peg test (NHPT) [226]
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Table 1. Cont.

Symptom Rehabilitation Goals Method Assessment Test

Fatigue management
(75–95% of

cases [133–135])

Improve mental and
physical energy

Inflammation reduction
Improving

depressive symptoms
Quality of sleep
improvement

Aerobic training [138]
Strength exercises [138]
Neuromotor exercises
(dancing, tai chi, yoga,

pilates) [138]
Breathing exercises [138]

Cryotherapy [141]
Pulsed electromagnetic field

therapy [143]
Functional electrical
stimulation [145,146]
Hydrotherapy [169]

Subjective methods:
Quality of Life (QoL) [202,204]

Spasticity Management
(40–60% of patients [124])

Maintain neuroplasticity
Prevent contracture

Prevent joint
malformation

Preserve muscle length
Improve ROM of ankle

dorsiflexion
Decrease hypertonia in

the calf muscles
Enhance strength of the

antigravity muscles

Physical training
Vibration therapy

Hydrotherapy [168,169]
Electrotherapy [158,159]

Electromagnetic fields [161,162]
Cryotherapy [152,153]

Therapeutic standing on an
Oswestry standing frame [149]
Proprioceptive neuromuscular

facilitation [130,131]

Subjective methods:
Ashworth scale (AS) [149,231]

Modified Ashworth Scale
(MAS) [149,231]
Objective methods:

Wearable sensors combined with
surface electromyography

(sEMG) [217]

Dysphagia management
(around 43% of
patients [170])

Speech improvement
Avoid malnutrition,

dehydration and
aspiration pneumonia

Maintain healthy weight

Speech–language
therapy [173,174]

Physical exercises [174]
Botulinum toxin

injections [174,176,177]
Electrotherapy [174]

Occupational therapy [174]
Transcranial direct current

stimulation [178]

Subjective methods:
Mann assessment of swallowing

ability (MASA) [232]
Eating assessment tool

(EAT-10) [174,234]
Dysphagia in multiple sclerosis

(DYMUS) [174,234]
Objective methods:

Penetration-aspiration scale
(PAS) [233]

Overactive bladder
management

(between 63% and 68% of
cases [179])

Increasing resting
tension of the pelvic

diaphragm
Enhanced control over
urination mechanism

Increase bladder
capacity

Pelvic floor muscle
training [178,180]

Bladder training [182]
Weight loss [183]

Electrostimulation therapy [74]
Botulinum toxin

injections [174,180]

Subjective methods:
Activities of Daily Living

(ADL) [16]

Cognitive Rehabilitation
(34–65% of cases [184])

Reduce emotional
disorders

Improve emotional
control

Improve memory,
attention and learning

Enhance stress
management

Cognitive behavioral therapy
Neurocognitive

rehabilitation [186]
Aerobic exercises

Transcranial direct current
stimulation [192]

Computer-assisted cognitive
rehabilitation [240]

Subjective methods:
Quality of Life (QoL) [201,203]

Activities of Daily Living
(ADL) [208]

Objective methods:
Montreal Cognitive

Assessment Test (MoCA)

Neurorehabilitation goals, approaches and assessment tests for the management of the most common symptoms
in multiple sclerosis.

5. Emerging Techniques and Future Considerations

Technological development opens up new possibilities in the area of neurorehabilita-
tion, for treatment, diagnosis and progress tracking. The mass production of virtual reality
devices started in the 1990s and ever since, the technology has gained attention in various
fields of work, including healthcare [241]. In medical rehabilitation, virtual reality has
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brought novel solutions for a variety of afflictions. VR headsets (HMD or head-mounted
displays) have been trialed for patients suffering from Parkinson’s disease, in order to
improve their gait pattern [242], and for children with cerebral palsy with the purpose of
operating motorized wheelchairs [243] and enhancing their spatial awareness [244]. In
multiple sclerosis, VR could provide an alternative to traditional rehabilitation programs,
through increasing adherence and motivation in patients [235]. Previous studies revealed
the ability of VR-based training to enhance gait [245], balance [239] and upper limb mobility
and control [246]. Furthermore, MS patients that are dependent on a wheelchair could
benefit from this type of technology [247]. In an inpatient setting, VR exercises can also
be combined with other neurorehabilitation procedures, such as FES and robot-assisted
training [246]. This technology could be especially beneficial for people that are restricted
by their location or financial means, or who are reliant on different types of caregivers [248].
Another important aspect that supports the adoption of VR in neurorehabilitation is that
the system is able to receive feedback in real time and automatically adapt the intensity to
every individual case [249,250]. The clinician can also access the feedback, and is therefore
able to track the progress of every patient and change the settings accordingly [236].

Another novel approach to the treatment of multiple sclerosis is represented by robotic
exoskeletons [251]. This represents an alternative to BWSTT and RAGT that brings ad-
ditional benefits, such as offering severely disabled MS patients the option to engage in
over-ground walking, therefore enhancing their chances of functional adaptation through
neuroplasticity [252–254]. Recent literature provides increasing evidence for the efficacy of
robotic exoskeletons, with more pronounced results for gait, balance and mobility improve-
ment in MS patients suffering from more advanced forms of the disease [240,255,256].

Cognitive rehabilitation could also benefit from the introduction of new technolo-
gies. Computer-assisted cognitive rehabilitation aims to re-train the residual neurological
capacity by creating individualized strategies through cognitive models [257]. It targets
the improvement of processing speed, language, attention and memory by making use
of specific software and multimedia libraries [40,258,259]. The advantages of computer-
assisted cognitive rehabilitation reside in its ability to perform cognitive recovery while
providing visual and auditory feedback in real time. Furthermore, it increases adherence
and motivation through a diversity of immersive scenarios, and it offers the option for
patients to engage in it from home [257].

6. Conclusions

Multiple sclerosis is a disease with a wide range of symptoms that has seen an in-
creasing prevalence in recent years and requires a multidisciplinary approach. While
neurorehabilitation plays a significant part in the management of symptoms and employs a
vast number of approaches for achieving this target, there is a continuous need for updates
in the most efficacious therapeutic approaches. More research is required to establish better
study designs in order to avoid the current biases related to subjectivity and the impossibil-
ity of double blinding. There is also a further need to evaluate the validity and reliability of
the tests used to assess the status of the disease and the efficacy of the treatment. Moreover,
international collaboration could be useful for establishing protocols comprising rigorously
tested and approved exercise programs and physiotherapeutic approaches. In this regard,
technological innovation could benefit the area of rehabilitation by introducing the more
accurate tracking of treatment responses and novel therapeutic solutions.
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Abbreviations

2MWT 2-min walk test
6MWT 6-min walk test
ADL Activities of daily living
AFOs Ankle-foot orthoses
AS Ashworth scale
BBS Berg balance scale
BDNF Brain-derived neurotrophic factor
BWSTT Body-weight supported treadmill training
CBT Cognitive-behavioral therapy
CNS Central nervous system
CPZ Cuprizone
DSS Disability status scale
DYMUS Dysphagia in multiple sclerosis
EAE Experimental autoimmune encephalomyelitis
EAT-10 Eating assessment tool
EDSS Expanded disability status scale
EMG Electromyography
FEES Fiber optic endoscopic evaluation of swallowing
FES Functional electrical stimulation
fMRI Functional magnetic resonance imaging
FS Functional systems
HMD Head-mounted displays
ICARS International cooperative ataxia rating scale
LCT Lysolecithin
MAS Modified Ashworth scale
MASA Mann assessment of swallowing ability
MoCA Montreal cognitive assessment test
MRI Magnetic resonance imaging
MS Multiple sclerosis
MSWS-12 12-item multiple sclerosis walking scale
NHPT Nine-hole peg test
NHS National health service
NIBS Noninvasive brain stimulation
NMES Neuromuscular electrical stimulation
OPC Oligodendrocyte precursor cells
PAS Penetration-aspiration scale
PEMF Pulsed electromagnetic field therapy
PFMT Pelvic floor muscle training
PNF Proprioceptive neuromuscular facilitation
QoL Quality of life
RAGT Robotic-assisted gait training
ROM Range of motion
RPMS Repetitive peripheral magnetic nerve stimulation
RSN Resting state network
SCFAs Short chain fatty acids
sEMG Surface electromyography
SLT Speech–language therapy
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T25FW Timed 25-foot walk test
tDCS Transcranial direct current stimulation
TENS Transcutaneous electrical nerve stimulation
TIS Trunk impairment scale
Treg Regulatory T lymphocytes
VR Virtual reality
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Abstract: Background: The ability to perform activities of daily living (ADL) is essential to preserving
functional independence and quality of life. In recent years, rehabilitation strategies based on new
technologies, such as MYO Armband®, have been implemented to improve dexterity in people with
upper limb impairment. Over the last few years, many studies have been published focusing on the
accuracy of the MYO Armband® to capture electromyographic and inertial data, as well as the clinical
effects of using it as a rehabilitation tool in people with loss of upper limb function. Nevertheless,
to our knowledge, there has been no systematic review of this subject. Methods: A systematically
comprehensive literature search was conducted in order to identify original studies that answered the
PICO question (patient/population, intervention, comparison, and outcome): What is the accuracy
level and the clinical effects of the MYO Armband® in people with motor impairment of the upper
limb compared with other assessment techniques or interventions or no intervention whatsoever?
The following data sources were used: Pubmed, Scopus, Web of Science, ScienceDirect, Physiotherapy
Evidence Database, and the Cochrane Library. After identifying the eligible articles, a cross-search of
their references was also completed for additional studies. The following data were extracted from the
papers: study design, disease or condition, intervention, sample, dosage, outcome measures or data
collection procedure and data analysis and results. The authors independently collected these data
following the CONSORT 2010 statement when possible, and eventually reached a consensus on the
extracted data, resolving disagreements through discussion. To assess the methodological quality of
papers included, the tool for the critical appraisal of epidemiological cross-sectional studies was used,
since only case series studies were identified after the search. Additionally, the articles were classified
according to the levels of evidence and grades of recommendation for diagnosis studies established
by the Oxford Center for Evidence-Based Medicine. Also, The Cochrane Handbook for Systematic
Reviews of Interventions was used by two independent reviewers to assess risk of bias, assessing the
six different domains. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) was followed to carry out this review. Results: 10 articles with a total 180 participants were
included in the review. The characteristics of included studies, sample and intervention characteristics,
outcome measures, the accuracy of the system and effects of the interventions and the assessment of
methodological quality of the studies and risk of bias are shown. Conclusions: Therapy with the MYO
Armband® has shown clinical changes in range of motion, dexterity, performance, functionality and
satisfaction. It has also proven to be an accurate system to capture signals from the forearm muscles
in people with motor impairment of the upper limb. However, further research should be conducted
using bigger samples, well-defined protocols, comparing with control groups or comparing with
other assessment or therapeutic tools, since the studies published so far present a high risk of bias
and low level of evidence and grade of recommendation.

Keywords: activities of daily living; dexterity; functional independence; MYO armband; rehabilita-
tion; semi-immersive virtual reality; technologies; upper limb impairment; virtual reality
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1. Introduction

The ability to perform activities of daily living (ADL) is essential to preserve functional
independence and quality of life [1]. This ADL performance can be severely restricted in
people with neurological disorders such as children with congenital disorders or develop-
mental disabilities and adults with acquired injuries or neurodegenerative diseases, due
to upper limb motor impairment [1]. These functional disorders are often related to loss
of dexterity, which is defined as “fine, voluntary movements used to manipulate small
objects during a specific task” [2]. Also, dexterity is associated with two related concepts:
manual dexterity (ability to handle objects with the hand) and fine motor dexterity (in-hand
manipulations as separate skills from the gross motor grasp and release skills associated
with manual dexterity) [2]. Hence, rehabilitation processes should enable patients to restore
their functional capacity by training dexterity [3].

In recent years, rehabilitation strategies based on new technologies have been imple-
mented to improve dexterity in people with upper limb impairment, enhancing patient
comfort [3]. Virtual reality (VR) seems to have the potential to improve upper limb rehabili-
tation [4], since it creates virtual environments similar to the real world where the user can
interact with appealing surroundings and perform significant, high repetition, high transfer
capacity, and motivating tasks, maximizing neuroplasticity and motor learning thanks to
the provided feedback [5,6]. Also, these motivating and appealing environments created
by VR could help recover health conditions and community integration [7]. Furthermore,
these devices achieve higher intensity at a sustainable cost [5,6,8].

The MYO Armband® is a semi-immersive VR device that captures forearm move-
ments [9]. It consists of an accelerometer, a gyroscope, a magnetometer (inertial measure
unit (IMU)) and eight surface electromyography (sEMG) sensors [9,10]. The electromyo-
graphic signal is streamed wirelessly at a frequency of 200 Hz and the orientation and
position data from the inertial sensor is transmitted at a frequency of 50 Hz. This system,
which integrates motion tracking and electromyography with VR, provides quantitative
data on muscle activity that can be used not only for objective assessment but also as a
semi-immersive VR therapeutic tool [9,10].

Over the last few years, many studies have been published focusing on the accuracy
of the MYO Armband® to capture electromyographic and inertial data [4,11], as well as
the clinical effects of using it as a rehabilitation tool in people with loss of upper limb
function [8–10]. Nevertheless, to our knowledge, there has been no systematic review
of this subject. Therefore, we conducted a systematic review with the aim of analyzing
the accuracy and the clinical effects of using the MYO Armband® in people with motor
impairment of the upper extremity.

2. Materials and Methods

2.1. Design

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) [12] was used to carry out this systematic review, starting with a PICO (pa-
tient/population, intervention, comparison, and outcome) question: Which is the accuracy
level and the clinical effects of the MYO Armband® in people with motor impairment
of the upper limb as compared with other assessment techniques or interventions or no
intervention whatsoever?

2.2. Search Strategy

A systematically comprehensive literature search was conducted from June to Novem-
ber 2021 in order to identify original studies that answered the PICO question, using the
following data sources: Pubmed, Scopus, Web Of Science (WOS), ScienceDirect, Physiother-
apy Evidence Database (PEDro) and the Cochrane Library. After identifying the eligible
articles, a cross-search of their references was also completed for additional studies.
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The combinations of keywords were: “MYO Armband” AND (rehabilitation OR “manual
dexterity” OR “upper limb” OR disability). The detailed search strategy for each database is
shown in Table 1.

Table 1. Search filters in databases.

Database Search Filter

PubMed - Availability: full text
- Publication date: last 5 years

Scopus
- Year: 2016, 2017, 2018, 2019, 2020, 2021
- Language: English
- Document type: any article

Web of Science
- Year: 2016, 2017, 2018, 2019, 2020, 2021
- Language: English
- Document type: any article

ScienceDirect

- Year: 2016, 2017, 2018, 2019, 2020, 2021
- Language: English
- Article type: research article
- Subject area: engineering, computer science, neuroscience

PEDro No filter

Cochrane Library - Year: from 2016 until 2021

Two authors independently searched and screened titles and abstracts to identify
studies meeting inclusion criteria. Duplicates were removed and disagreements regarding
the selection of studies were resolved by a third author.

2.3. Study Selection

Studies published in Spanish and English between January 2016 and November 2021
were considered for inclusion in this review, regardless of their methodological design.

The exclusion criteria were: no access to full-text, poster communications, congress or
symposium reports, and technical analysis studies with no clinical application or perspective.

2.4. Participants

This review considered studies that included subjects with motor impairment of the
upper limb. Studies that included healthy subjects as the control group (CG) and studies
that analyzed the accuracy of the device comparing healthy subjects with affected subjects
were also taken into consideration.

2.5. Interventions

For the clinical trials, the intervention group had to follow a rehabilitation program
using the MYO Armband® either isolated or combined with other therapeutic strategies, in
any dosage and provided in any setting (inpatient, outpatient, or domicile).

For the case studies, they had to analyze the accuracy of the MYO Armband® or assess
and/or carry out an intervention using sEMG in people with motor impairment of the
upper limb.

2.6. Outcome Measures

Studies that analyzed parameters related to the accuracy to capture signals and the
functioning of the system were included. Additionally, studies that analyzed outcomes
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that measure mobility, dexterity, and upper limb function, as well as outcomes related to
these parameters were also included.

2.7. Data Extraction and Analysis

The following data were extracted from the papers: study design, disease or condi-
tion, intervention, sample, dosage, outcome measures or data collection procedure, and
data analysis and results. The authors independently collected these data following the
CONSORT 2010 statement [13] when possible, and eventually reached a consensus on the
extracted data, resolving disagreements through discussion.

2.8. Assessment of Methodological Quality of the Studies and Risk of Bias

To assess methodological quality, we used the tool for the critical appraisal of epidemi-
ological cross-sectional studies adapted by Ciaponni [14] from the work of Berra et al. [15],
since only case series studies were identified after the search. This tool contains 31 items
divided into 6 dimensions: (a) research question or aim of the research, (b) participants, (c)
comparability between groups, (d) definition and measurement of the primary variables, (e)
statistical analysis and confusion, (f) results, (g) conclusions, external validity and applica-
bility of the results, (h) conflict of interests and (i) follow-up. Dimensions “b” to “e” assess
internal validity and items 25 and 26 assess external validity. Methodological quality is
considered high when most of the dimensions are rated as “good” or “very good”; medium
when most of the dimensions are rated as “good” or “fair” or internal validity is rated as
“medium”; and low when most of the dimensions are rated as “fair” or “bad” or internal
validity is rated as “low”.

Additionally, the articles were classified according to the levels of evidence and grades
of recommendation for diagnosis studies established by the Oxford Center for Evidence-
Based Medicine [16].

The Cochrane Handbook for Systematic Reviews of Interventions [17] was used by
two independent reviewers to assess the risk of bias, assessing the six different domains:

(a) Selection bias: relates to recruiting process and participant allocation. To analyze it,
randomization and allocation concealing must be considered.

(b) Performance bias: refers to systematic differences between groups in the care that is
provided, or in exposure to factors other than the interventions of interest. To analyze
it, blinding procedures must be examined.

(c) Detection bias: refers to systematic differences between groups in how outcomes are
determined and may occur during intervention and follow-up. Blinding of outcome
assessors must be considered when analyzing it, since it may reduce the risk.

(d) Attrition bias: systematic differences between groups in withdrawals from a study.
It occurs when there are withdrawals that lead to incomplete outcome data or when
withdrawals in both groups differ significantly.

(e) Reporting bias: refers to systematic differences between reported and unreported
findings. This can occur once the study is finished and it is due to the selective report
of results, reporting only statistically significant data.

(f) Other biases: occur when reviewers include methodological aspects that are not
assessed in the domains described before. They relate mainly to certain trial designs,
such as crossover trials.

Each study was assessed independently and was considered a “low risk of bias” when
each domain was addressed properly. Otherwise, it was considered a “high risk of bias”. If
a study did not provide enough information, it was considered “dubious”. Disagreement
was resolved through discussion with a third reviewer.

3. Results

The literature search and the article selection process are detailed in Figure 1. The
initial search yielded 108 articles. Once the duplicates were removed and eligibility
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criteria were applied, 10 articles with a total of 180 participants were included in the
review [4,7,9–11,18–22]. The characteristics of included studies are shown in Tables 2 and 3.

Figure 1. PRISMA Flow chart for identifying studies for systematic review.
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3.1. Sample Characteristics

One study (n = 19) included a sample of children with cerebral palsy (CP) with
ages ranging from 8 to 18 years [22]. Three studies (n = 7) included patients with upper
limb amputation: one of them did not specify the amputation level [4], another included
transradial amputees [19] and the other transhumeral amputees [20]. Five studies (n = 31)
examined patients with stroke [7,9,11,18,21]: three of them did not specify the characteristics
of the impairment, one included people (n = 3) with mildly to severely impaired hand
function [11], and the other included people (n = 4) with different levels of impairment [21].
Two studies examined people (n = 49) with multiple sclerosis (MS) [9,10] but did not
specify the level of disability in the Expanded Disability Status Scale (EDSS) and one study
included patients with traumatic brain injury (TBI) without specifying cause or severity [9].
Combined, these articles included 57 healthy subjects to compare their results with those of
the patients who presented some condition or disease.

3.2. Intervention Characteristics

All studies used semi-immersive VR. Six of them [4,11,18–21] implemented protocols
designed to analyze the accuracy of the sEMG system. One of these used a protocol based
on a dance game and added the Kinect® sensor to track position in amputees, with the aim
of knowing the time taken for each hand gesture to be detected by the system as well as its
total operating time [4]. Another compared the accuracy of the information captured by
the MYO Armband® with functional near-infrared spectroscopy (fNIRS) and evaluated
the effectiveness of the combination of both systems to obtain information about motor
intention in patients with transhumeral amputation, which may be useful to improve the
control of upper limb prostheses [20]. The other four studies [11,18,19,21] used different
upper limb exercise protocols with or without visual feedback that allowed to calculate the
accuracy of the MYO Armaband®.

The rest of the articles included in this review [7,9,10,22] analyzed the clinical effects
of video game-based therapy with the MYO Armband®. Three of them [7,9,10] combined
the use of the MYO Armband® with other devices such as the Kinect® sensor or a foot
pedal for gaming.

The studies were heterogeneous regarding dosage. Processes to obtain data in those
studies analyzing the sensor’s accuracy differed significantly. In the studies evaluating the
clinical effects of the MYO Armband® combined with semi-immersive VR, the mean session
duration was 45.66 ± 24.82 min (range 17–60 min) [7,9,10,22]; only one study specified
the number of sessions (50 sessions) [10]; and the mean number of weeks was 7.33 ± 3.05
(range 4–10 weeks) [7,10,22].

3.3. Outcome Measures

The studies that examined the accuracy to capture sEMG signals used different classi-
fication and data processing algorithms, as well as the information provided by the sEMG
in Hz. Melero et al. [4] evaluated the operating time, which is the time taken for each hand
gesture to be detected by the system from the moment it appears on the screen. It can be
broken down into detection time (the time it takes for each specific gesture to be recognized
by the system) and reaction time (the time it takes the subject to perform a hand gesture
from the moment it appears on the screen). In addition, three studies [11,19,21] analyzed the
accuracy of the MYO Armband® by using classification algorithms in people with stroke
and in transradial amputees. They used a software to apply mathematical formulations
to the data collected from the sEMG, calculating the percentages of the accuracy of the
system. Finally, two studies [18,20] used the sEMG signal to know the characteristics of the
forearm muscle contraction performed by the participants. The second [20] also compared
this signal with the data collected from another motion capture device and analyzed the
effectiveness of combining both devices as an assessment approach.

The studies were also heterogeneous regarding outcome measures. Those articles
analyzing clinical effects used physical evaluation tools, as well as functional and cognitive.
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One of the articles [22] used the Assisting Hand Assessment (AHA) to assess spontaneous
bimanual performance and the Box and Blocks Test (BBT) to assess unilateral hand dexterity.
Two articles [7,10] used the Motor Assessment Scale (MAS), a scale to assess motor function
in people with stroke. They also evaluated wrist extension, grip strength, and angular
velocity [7,22]. Range of motion (ROM) was also assessed in most of the studies. In relation
to functional and cognitive assessment, one study [22] used the Canadian Occupational
Performance Measure (COPM) to assess self-perception of performance in everyday living
and the Self-Reported Experiences of Activity Settings (SEAS) to assess participation
experiences. Finally, another study [7] assessed the patient’s engagement during therapy
with the Engagement Questionnaire (EQ).

3.4. Accuracy of the System and Effects of the Interventions

In regard to the accuracy of the system to assess motor control of the upper limb, we
found values that varied between 78% and 99% in mildly to severely impaired subjects
after stroke [11,21], and the accuracy for three gestures involved in ADL (rest, close, open,
key pinch and precision pinch) was 94% [11]. On the other hand, no event was reported
regarding calibration, donning, or executing tasks with the device [18]. In patients with
amputation, the results showed that it takes less than 3 s on average for each gesture to be
detected and an overall operating time below 4 s. Since the authors expected the operating
time to be below 6 s, they concluded that the MYO Armband® was suitable for accurately
detecting gestures in people with amputations of the upper limb [4]. Additionally, the study
that included transradial amputees [19] found a percentage of accuracy of 93.3% whereas
the one that included transhumeral amputees [20] reported an accurfor of 94.6% and 74%
for elbow and wrist movements respectively. This accuracy increased significantly by com-
bining sEMG with fNIRS, which demonstrates the feasibility of a hybrid sEMG and fNIRS
system to improve the control performances of multifunctional upper-limb prostheses.

Secondly, those studies that examined clinical effects showed improvements after inter-
vention with the MYO Armband®. One study found improvements in functionality related
to ROM [10], whereas another showed a moderate increase in grip strength and dexterity
as well as higher scores in the COPM and SEAS [22]. Also, some studies reported that the
participants showed high interest and engagement during the activities due to a good feeling
of immersion in the game, as well as a feeling of enjoyment and motivation [7,8,10].

3.5. Assessment of Methodological Quality of the Studies and Risk of Bias

Table 4 shows the results obtained after analyzing the quality of the studies using
the tool for the critical appraisal of epidemiological cross-sectional studies [14]. Internal
validity was rated as low for 60% of the articles, medium in 30%, and high in 10% of them.
External validity was poor for 100% of the studies. Overall methodological quality was
rated as low for 60% of the articles, medium for 30%, and high for 10%.
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Table 4. Scores for each article after evaluation with the tool for the critical appraisal of epidemiologi-
cal cross-sectional studies.
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1 VG F F F F VG F VG VG VG

2 NS B B NS B NS B F B G

3 NS B B F B NS B F F G

4 NS B B G B B B B B F

5 NS NS B NS B NS B B B G

6 B NS NS NS B G F NS F VG

7 NA NA B G NA F NA B F G

8 NA NA F B NA B NA G F G

9 NA NA G G NA B NA G B G

10 NA NA NS NS NA F NA NS NS G

11 G G F G F F F F F VG

12 F G B F F F NS F F VG

13 NS G B F B NS G F NS VG

14 B F F F F F B F F G

15 F B VG F NS F B B G F

16 F F G G NS G NS B G F

17 G NS NS NS NS NS NS B NS NS

18 F NS NS NS NS F G B NS NS

19 VG B F F F F F G G G

20 F F G G G G F G G VG

21 F B F G F F B G G VG

22 NA B VG G B F G NS F G

23 G F G G VG G G F NS G

24 G F G VG VG G B F NS G

25 B B B B B B B B B F

26 NS B F B F F B B NS B

27 VG VG VG NS B NS F NS F F

28 NS G NS G NS NS NS NS NS VG

29 NS NS NS NS NS NS NS NS NS VG

30 NS NS NS NS NS NS NS NS NS VG

31 NS NS NS NS NS NS NS NS NS NS

Internal
validity LOW LOW LOW MEDIUM LOW MEDIUM LOW LOW MEDIUM HIGH

External
validity LOW LOW LOW LOW LOW LOW LOW LOW LOW LOW

Overall
quality LOW LOW LOW MEDIUM LOW MEDIUM LOW LOW MEDIUM HIGH

VG: very good; G: good; F: fair; B: bad; NA: not applicable; NS: not specified.

The levels of evidence and grades of recommendation are detailed in Table 5. All
articles were classified as level of evidence 4, with a grade of recommendation of C.
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Table 5. Levels of evidence and grades of recommendation established by the Oxford Center for
Evidence-based Medicine.

Study Level of Evidence Grade of Recommendation

Melero et al. [4] 4 C

Esfahlani et al. [7] 4 C

Esfahlani et al. [9] 4 C

Esfahlani et al. [10] 4 C

Ryser et al. [11] 4 C

Lyu et al. [18] 4 C

Gaetani et al. [19] 4 C

Sattar et al. [20] 4 C

Castiblanco et al. [21] 4 C

MacIntosh et al. [22] 4 C

Figure 2 summarizes the results of the assessment of the risk of bias sorted by article.

Figure 2. Assessment of risk of bias. Assessments by the reviewers for each risk sorted by article.
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4. Discussion

For years, information and communication technologies have been used as an as-
sessment and therapeutic tool in the field of rehabilitation [23,24]. VR-based therapy has
been increasingly implemented to complement conventional therapy in people with mo-
tor control disorders [25,26]. This is, to our knowledge, the first systematic review that
summarizes the available evidence on the use of the MYO Armband® as an assessment
and rehabilitation tool in people with motor impairment of the upper limb. Our results
suggest that the use of the MYO Armband® as a therapeutic tool in people with motor
impairment of the upper limb improves ROM, grip strength, dexterity, functionality, and
ADL performance. They also show good satisfaction and feeling of immersion reported by
users. Furthermore, the MYO Armband® could be considered an assessment tool suitable
to detect small changes during the rehabilitation progress, since the accuracy of the system
proved to be high.

Semi-immersive VR combined with the MYO Armaband® provide opportunities for
motor and cognitive tasks recreating real-life scenarios and simulations of activities by
capturing human motion [27]. Also, semi-immersive VR has shown to have fewer side
effects, such as “cybersickness”, compared to immersive VR [27,28]. For these reasons,
together with the wide availability of these systems and their sustainable cost, semi-
immersive VR is recommended to complement conventional therapy in the rehabilitation
of upper limb impairment [27].

In the articles included in this review, the MYO Armband® was combined with differ-
ent devices. On one hand, some studies used these combinations in order to obtain more
information about the orientation, position, and movement of the upper limb. For instance,
Esfalahni et al. [7,9,10] combined the MYO Armband® with the Kinect® sensor to increase
the number of movements detected, providing a better feeling of representation, connection,
and control of the game in real-time [10]. The cited studies found statistically significant
improvements in strength and dexterity of the upper limb, as well as high user satisfaction.
On the other hand, Sattar et al. [20] combined the MYO Armaband® with fNIRS to increase
the accuracy to obtain information about muscle activity and motor intention, achieving
an accuracy of over 90%. These findings suggest that using the MYO Armband® in com-
bination with other VR devices could improve data collection regarding muscle activity,
movement, usability, and interaction, which could translate into better clinical effects. Sattar
et al., also examined the use of these two devices combined to collect data about motor
intention in order to improve control of upper limb prostheses in transhumeral amputees.
While the MYO Armband® predicted flexion, extension, pronation, and supination of the
elbow, the fNIRS obtained signals for hand opening and closing. For this reason, this
approach can be useful to enhance the control performances of multifunctional prostheses
with a high level of accuracy. However, and even though this is an innovative approach
since it is the first time that someone combines these devices pursuing this goal, further
research is required to learn if this strategy is more efficient, comfortable, and beneficial
than the ones currently implemented.

In regard to the data concerning the accuracy of the device, although the articles
examined reported high percentages of the accuracy of the sEMG system of the MYO
Armband® [4,11,18–21], these results cannot be generalized due to their small sample
size. Only one study analyzed the operating time [4], reporting positive results on the
speed of the system to detect gestures in upper limb amputees, and opening the possibility
of introducing more complex movements in future research. This study showed that
the average time for a gesture to be detected was 2.62 s, which the authors considered
suitable for gaming. Additionally, three studies analyzed the accuracy of the device to
obtain information about electromyography, orientation, and position in people with stroke,
finding heterogeneous results. Lyu et al. [18] found an accuracy below 92.5%, which was
the accuracy found in a sample of healthy subjects; although they did not report any
problem regarding calibration, donning, or executing tasks with the device. Ryser et al. [11]
found an accuracy of 78–99% in a sample of people with mildly to severely impaired
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hand function, whereas Castiblanco et al. [21] reported an accuracy of 85%. These results
should be interpreted with caution, since the sample size was very small (n = 9), and the
participants presented different levels of disability and upper limb impairment. We observe
the same situation when examining the articles by Gaetani et al. [19] and Sattar et al. [20]:
they reported an accuracy over 73% in transhumeral amputees and over 93% in transradial
amputees, with a response time below 1 s, but their sample size was very small in both
studies (n = 1 and n = 4 respectively). Anyhow, an accuracy over 75% provides an argument
in favor of the MYO Armband®.

Regarding the studies focused on the clinical effects of interventions with the MYO
Armband®, those with samples of people with stroke and MS found improvements in
upper limb ROM and function [7,9,10]. These results are consistent with the meta-analysis
published by Cortés-Pérez et al. [29] who reported that the Leap Motion Capture System
(LMCS), another semi-immersive VR commercial device, improved upper limb function
and ROM in people with neurological disease. They also observed that these clinical
effects were higher when the VR-based therapy was combined with conventional therapy.
In addition, Avcil et al. [30] conducted a randomized clinical trial and found that video
game-based therapy using Nintendo® Wii and LMCS enhanced significantly dexterity,
grip strength, and functional ability in people with CP. In our study, the only article that
included a sample with CP [22] also found significant changes in grip strength, bimanual
activities, dexterity, function, functional performance, and participation. However, we
must note that, in our view, the heterogeneity of the interventions, the small sample size,
the short duration of the protocols, and the lack of a control group may have diminished
the effect of the interventions.

The dosage of therapy was very heterogeneous between studies. While the study by
Esfahlani et al. [10] on people with MS implemented a 10-week protocol with 1-h sessions
five days per week, the same research team implemented an 8-week protocol with 1-h
sessions in a different study with people with stroke, although in this case, they did not
specify the number of sessions per week [7]. Lamers et al. [31] concluded that there is
no consensus on the optimum dosage of upper limb rehabilitation in people with MS.
However, most of the studies included in their systematic review had an intervention
duration of 8 weeks or more, with 30–60-min sessions 2–5 days per week. Also, it should
be noted that the systematic review by Laver et al. [32] published by the Cochrane Library
suggested that RV protocols that provided more than 15 h of therapy resulted in greater
benefits in people with stroke than those providing a smaller dose.

Another advantage of VR observed in the studies included in this review is that it can
improve user’s motivation, interest, adherence, and satisfaction towards therapy [7,9,10],
and this is common to other studies that examine semi-immersive VR-based therapy in
different disorders, such as cardiovascular diseases [33,34], brain damage [35,36], children
and adults with CP [37–39], neurodegenerative diseases [40,41] or chronic pain [42].

Only one study included in this review analyzed the adverse effects of the interven-
tions with the MYO Armband®, reporting no adverse events during or after therapy [22].

Nevertheless, the risk of bias was high for all the articles, so the results should be
interpreted with caution. Only 10% of the studies randomized the sample, in most of
them the assessors and/or therapists were not blind and in at least 30% the results were
incomplete. Also, the level of evidence and grade of recommendation were low since all
studies were case series.

Limitations

There are some limitations to this review that are important to highlight. First, due to
the heterogeneity of the interventions, outcome measures, and dosage, it was impossible to
conduct a meta-analysis of the results. Also, we only selected articles published in English
or Spanish in the last 5 years and the search was limited to a few databases, which may
have reduced the number of articles included. In addition, the low methodological quality
of the studies, the small and heterogeneous samples, the high risk of bias, and low level of
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evidence and grade of recommendation are factors that may limit the extrapolation of our
results to all patients with motor impairment of the upper limb.

5. Conclusions

VR systems appear to be an effective rehabilitation approach when combined with
conventional therapy in people with motor impairment of the upper limb. Specifically, ther-
apy with the MYO Armband® has shown clinical changes in ROM, dexterity, performance,
functionality and satisfaction. It has also proven to be an accurate system to capture signals
from the forearm muscles in people with motor impairment of the upper limb. However,
further research should be conducted using bigger samples, well-defined protocols, com-
paring with control groups or comparing with other assessment or therapeutic tools, since
the studies published so far present a high risk of bias and low level of evidence and grade
of recommendation.
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Abstract: The Pilates Method is a rehabilitation tool with verified benefits in pain management,
physical function, and quality of life in many different physiotherapy areas. It could be beneficial
for patients with multiple sclerosis (pwMS). The aim of the study was to summarize current evi-
dence for the effectiveness of Pilates in pwMS. A comprehensive search of Cinahl, Scopus, Web of
Science, PEDro, and PubMed (including PubMed Central and Medline) was conducted to examine
randomized controlled trials (RCT) that included Pilates intervention in multiple sclerosis. The PEDro
scale and the Cochrane risk-of-bias tool, RoB-2, were used to evaluate risk of bias for RCT. Twenty
RCT (999 patients) were included. Ten were of good quality (PEDro), and seven had low risk of
bias (RoB-2). Pilates improves balance, gait, physical-functional conditions (muscular strength, core
stability, aerobic capacity, and body composition), and cognitive functions. Fatigue, quality of life,
and psychological function did not show clear improvement. There was good adherence to Pilates
intervention (average adherence ≥ 80%). Cumulative data suggest that Pilates can be a rehabilitation
tool for pwMS. High adherence and few adverse effects were reported. Future research is needed to
develop clinical protocols that could maximize therapeutic effects of Pilates for pwMS.

Keywords: multiple sclerosis; pilates-based exercise; exercise therapy; neurorehabilitation; physical
therapy modalities

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune and inflammatory neurological
disease that affects the myelinated axons in the central nervous system, characterized by
neurological deterioration over time [1]. MS is the most common non-traumatic disabling
disease in young adults [2]. It usually starts in early adult life, typically in the third
decade [3], with most patients presenting with periodic neurological relapses [4], but the
disease course is unpredictable [5].

MS is one of the most common diseases of the central nervous system (2.2 million
people worldwide in 2016 data) [4]. MS cases are twice as high in women as in men [1],
and it is more prevalent in North America, Western Europe, and Australasia [4].

MS shows several patterns: 80% of all cases are “relapsing-remitting” MS (RRMS), char-
acterized by exacerbations and remissions, which can turn into “secondary-progressive”
MS (SPMS), with progressive disability between attacks; 15% are cases of “primary-
progressive” MS (PPMS), where there is a progressive disability from the beginning; and
5% are “progressive-relapsing” MS (PRMS), where the disease worsens gradually, but also
presents outbreaks [5]. However, Lublin et al. [6] recommended reviewing these descrip-
tions of the clinical course or phenotype of MS in 2014, suggested defining phenotypes
based on disease activity (based on clinical relapse rate and imaging findings) and disease
progression, and recommended removing the PRMS phenotype.
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MS is characterized by a wide spectrum of symptoms, including cognitive dysfunction,
optic neuritis, diplopia, sensory loss, muscle weakness, gait ataxia, loss of bladder control,
spasticity, and excessive fatigue [1,4,7]. In addition, patients with multiple sclerosis (pwMS)
present high risk of falling (fall rate of 56%) [8].

Physical exercise has been postulated as one of the non-pharmacological strategies of
interest, due to its low cost and positive effects on the physical and mental health of the
MS population [9–11]. Although historically, exercise was not recommended for pwMS
due to fear of aggravating the disease [12], current evidence indicates that physical exercise
is positive for managing symptoms, restoring function, optimizing quality of life, and
facilitating activities of daily living [13–18]. Tallner et al. [19] and Pilutti et al. [20] suggest
that physical activity has no significant influence on clinical disease activity.

Pilates is a method of physical exercise that focuses on core stability, strength, flexibility,
posture, muscle control, breathing, and mind–body connection [21]. Nowadays, the method
is an accepted rehabilitation tool, with verified benefits in pain management, physical
function, and quality of life when used as an intervention in many different physiotherapy
areas [22,23]. This therapeutic modality of the Pilates Method could provide improvement
of functional impairment to pwMS.

This systematic review aims to provide an overview of the literature, and to analyse
the therapeutic effects of Pilates in pwMS.

2. Materials and Methods

2.1. Search Process

This study was carried out according to the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines [24]. The search strategy was designed
to find research studies providing information on the therapeutic effects of Pilates in
pwMS. Seven electronic databases were used for the search (Cinahl, Scopus, Web of Science,
PEDro, and PubMed (including PubMed Central and Medline)), up to July 2021, using the
key words and Boolean operators “Multiple Sclerosis” AND “Pilates” OR “Pilates-based
exercises” OR “Pilates exercise” OR “Pilates training”.

2.2. Selection Procedure and Eligibility Criteria

Two reviewers (G.R.-F. and L.S.-P.) independently selected trials for inclusion using
predetermined inclusion criteria. First, we screened by titles and abstracts. Second, we
acquired the full text of the remaining citations, and read each one to determine eligibility.
In all cases, we resolved any disagreements about trial inclusions by consensus among
reviewers, and consulted a third reviewer (P.F.-R.) if disagreements persisted.

The selection criteria included randomised controlled clinical trials (RCTs) written in
English, Portuguese, or Spanish up to July 2021.

2.3. Data Extraction

The information in each study regarding purpose, characteristics of the sample, type
of intervention and characteristics of Pilates intervention, dropouts, adherence/attendance,
study variables, assessments, findings, and adverse effects of the Pilates intervention was
recorded in a data log grid by one author (G.R.-F.). The information was subsequently
independently revised by another three authors.

2.4. Assessment of Methodological Quality

To assess the methodological quality of the RCTs, the PEDro scale [25] was applied
by two authors independently (G.R.-F. and P.C.-P.). Whenever discrepancies emerged, a
third author was requested (P.F.-R.). The suggested cut-off points for categorizing studies
by quality with the PEDro scale were as follows: excellent (9–10), good (6–8), fair (4–5), and
poor (<3) [26].

In addition, an assessment of the risk of bias was carried out with the Cochrane
risk-of-bias tool for randomized trials, RoB 2 [27]. This tool is structured into five bias
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domains: bias arising from the randomisation process, bias due to deviations from intended
interventions, bias due to missing outcome data, bias in measurement of the outcome, and
bias in selection of the reported result. In addition, there is an overall risk-of-bias judgment
that generally corresponds to the worst risk of bias in any of the domains. Risk-of-bias
judgment for each domain and overall can be “low”, “some concerns”, or “high”.

3. Results

There were 204 articles initially identified through database searches. After duplicate
titles were removed, 138 studies remained. Another 93 potential articles were removed after
the title and abstract review. Forty-five full texts were reviewed, and twenty articles [28–47]
were used in the analysis based on inclusion and exclusion criteria. Figure 1 shows the
PRISMA selection process flow chart [24].

Figure 1. PRISMA flow chart of the study selection.

Table 1 shows a summary of the main findings of the reviewed studies, and more
extensive information is presented in Supplementary Materials (Table S1). Table 2 summa-
rizes the main features of the Pilates intervention, and Table 3 describes the methodological
characteristics of the studies (PEDro scale and sample size calculation). Finally, Figure 2
shows risk of bias of the reviewed studies.
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Table 1. Main findings of the reviewed studies.

Variables Main Findings with Pilates Method Other Findings

Balance

• Significant
improvement [28,30,34,36–38,40–47]

• Significant improvement compared with
physician care [30] or with
1-h massage [38]

• No significant differences between Pilates
and rebound therapy [45] or aquatic
therapy [47]

Gait

• Significant
improvement [28,31,32,34,36–38,40,43,44]

• Significant improvement compared with
standard physiotherapy care [31] or with
home relaxation exercises [32]

• No significant improvement [42]
• Significant improvement in standardized

exercises group compared to Pilates group
[43]

Physical-functional conditions

• Significant improvement in muscle
strength [28,33,41,42,46]

• Significant improvement in core
stability [28,34,41]

• Significant improvement in physical
performance [42,44]

• Significant improvement in aerobic
capacity [33]

• Significant improvement in body
composition [36]

Fatigue • Significant
improvement [28,29,32,35–37,41,42,44]

• No significant improvement in
post-intervention Pilates group, but there
was in aerobic exercise group [42] (no
difference between groups)

Quality of life
• Significant improvement [32,41,44]
• Significant improvement compared with

traditional exercises group [44]

• No difference between Pilates + a 1-h
massage therapy group and a 1-h
massage therapy group [38]

Cognitive function

• Significant improvement [32,34,42,44]
• Significant improvement compared with

home relaxation exercises group [32] and
with home exercises group [34]

Psychological function

• Significant improvement in depression
symptoms [29]

• Significant improvement in anxiety [29]
• Significant improvement in depression

symptoms and anxiety compared with
wait-list group [29]

• Significant improvement in home-based
Pilates group compared with supervised
Pilates group in anxiety symptoms [35]

• No significant improvement in
depression symptoms [44]

Adherence
• Average adherence to the treatment

above 80–85% [31,32,34,35,37,38,46]

• Lack of compliance values
[28–30,33,36,39–42,44,45,47]

• Higher compliance in standardized
exercises group or relaxation group than
Pilates group [43]
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Table 1. Cont.

Variables Main Findings with Pilates Method Other Findings

Adverse effects and dropouts

• 9 cases of adverse effects [28,31,37,42]
• 62 dropouts in Pilates

groups [28,29,32–36,38,39,41,46]

• 3 cases of adverse effects in no-Pilates
groups [34,42]

• 45 dropouts in no-Pilates groups
[29,31,34–37,39,40,42,43,47]

• 24 dropouts in unspecified group [41,44]
• Don’t know the dropouts [45]
• Don’t know the adverse effects

cases [33,36,39,41,44,45,47]

Table 2. Pilates intervention characteristics of reviewed studies.

Study and Year
MS Type

(Patients in
Pilates Group)

Mean EDSS
Score ± sd

(Range)
Weeks

Session
per Week

Session
Duration

(min)

Type
of Pilates

Pilates Session
(Number When

Conducted
in Group)

Professional
Adverse
Events
(Case)

Pilates
Training
Program

Güngör et al. [28], 2021 RRMS
(34)/SPMS (8) (1–5.5) 8 2 60–75 Floor

mat work Individual Physiotherapist No
Yes (in

Supplementary
Material)

Fleming et al. [29], 2021 NA <3 (PDDS) 8 2 60 Floor
mat work Individual Certified Pilates

instructor No Yes (in a
previous study)

Gheitasi et al. [30], 2021 NA 4.6 ± 1.6 (3–5) 12 3 60 Floor
mat work Unclear NA No No

Arntzen et al. [31], 2020
RRMS

(32)/PPMS
(5)/SPMS (2)

2.45 ± 1.65
(1–6.5) 6 3 60 Floor

mat work Group (3)
Neurological
physiothera-

pists
Yes (1) Yes (in a

previous study)

Ozkul et al. [32], 2020 RRMS (17) 1.50 ± 0.77 (<4) 8 3 60 Floor
mat work NA Physiotherapist No Yes

Banitalebi et al. [33], 2020 RRMS (47)
23 (0–4) + 13
(4.5–6) + 11

(6.5–8)
12 3 15/100 NA NA NA NA No

Abasiyanik et al. [34], 2020 RRMS
(14)/SPMS (2) 3.06 ± 1.65 (<6) 8 1 (+2

at home) 55–60 Floor
mat work Group (2–3) Certified Pilates

physiotherapist No Yes

Fleming et al. [35], 2019 NA <3 (PDDS) 8 2 60 Floor
mat work Individual Certified Pilates

instructor No Yes

Eftekhari and
Etemadifar [36], 2018 RRMS (13) 2–6 8 3 50–60 Floor

mat work NA NA NA Yes

Ozkul tel al. [37], 2018 RRMS 1 (0.87–2.12) 8 3 60 Floor
mat work NA Physiotherapist Yes (3) Yes

Duff et al. [38], 2018 RRMS
(14)/PPMS (1)

2.1 ± 1.8 (range
0–5, PDDS) 12 2 50

Apparatus
work and

floor
mat work

Group (5–10) Certified Pilates
instructor No No

Eftekhari and
Etemadifar [39], 2018 RRMS(13) 2–6 8 3 40–50 Floor

mat work NA NA NA Yes

Kalron et al. [40], 2017 RRMS (22) 4.3 ± 1.3 (3–6) 12 1 30 NA Individual Certified Pilates
physiotherapist No No

Bulguroglu et al. [41], 2017 NA <4.5 8 2 60–90

Floor mat
work or

Reformer
work

Individual Certified Pilates
physiotherapist NA No

Kara et al. [42], 2017 RRMS (9) 2.85 ± 1.57 (≤6) 8 2 45–60 Floor
mat work NA Physiotherapist Yes (4) Yes

Fox et al. [43], 2016
RRMS

(13/PPMS
(12)/SPMS (8)

4–6.5 12 1 30 Floor
mat work Individual Certified Pilates

physiotherapist No Yes (in a
previous study)

Küçük et al. [44], 2016 NA 3.2 ± 2.2 (≤6) 8 2 45–60 Floor
mat work Group Physiotherapist NA Yes

Hosseini Sisi et al. [45], 2014 NA 0–4 8 3 60 NA NA NA NA No

Guclu-Cunduz et al. [46], 2014 NA 2 (0–4) 8 2 60 NA Group Certified Pilates
physiotherapist No No

Marandi et al. [47], 2013 NA <4.5 12 3 60 NA NA NA NA No

EDSS: Expanded Disability Status Scale; min: minute; MS: multiple sclerosis; NA: not available; PDDS: Patient-
Determined Disease Steps; PPMS: primary progressive multiple sclerosis; RRMS: relapsing-remitting multiple
sclerosis; sd: standard deviation; SPMS: secondary progressive multiple sclerosis.
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Figure 2. Risk of bias of the reviewed studies: (up) for each domain, (down) overall judgement.
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Table 3. Methodological quality assessment of the reviewed studies using PEDro scale, and sample
size calculation.

Study and Year
Sample Size
Calculation

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 Total

Güngör et al. [28], 2021 Yes 1 1 1 1 1 0 0 0 0 1 1 6/10
Fleming et al. [29], 2021 Yes 1 1 0 1 0 0 1 1 1 1 1 7/10
Gheitasi et al. [30], 2021 Yes 1 1 1 1 0 0 0 1 1 1 1 7/10
Arntzen et al. [31], 2020 Yes 1 1 1 1 0 0 1 1 1 1 1 8/10
Ozkul et al. [32], 2020 Yes 0 1 1 1 0 0 1 1 1 1 1 8/10

Banitalebi et al. [33], 2020 No 1 1 1 1 0 0 1 1 0 1 0 6/10
Abasiyanik et al. [34], 2020 Yes 1 1 0 1 0 0 0 0 0 1 1 4/10

Fleming et al. [35], 2019 No 1 1 1 1 0 0 0 0 0 0 1 4/10
Eftekhari and Etemadifar [36], 2018 No 1 1 0 1 0 0 1 0 0 1 1 5/10

Ozkul tel al. [37], 2018 Yes 1 1 1 1 0 0 1 1 0 0 1 6/10
Duff et al. [38], 2018 Yes 1 1 0 1 0 0 1 1 1 1 1 7/10

Eftekhari and Etemadifar [39], 2018 No 1 1 0 1 0 0 0 0 0 1 1 4/10
Kalron et al. [40], 2017 No 1 1 1 1 0 0 1 1 0 1 1 7/10

Bulguroglu et al. [41], 2017 No 1 1 0 1 0 0 1 0 0 1 1 5/10
Kara et al. [42], 2017 No 1 0 0 0 0 0 1 0 0 1 1 3/10
Fox et al. [43], 2016 Yes 1 1 1 1 0 0 1 1 1 1 1 8/10

Küçük et al. [44], 2016 No 1 1 0 1 0 0 0 1 0 1 1 5/10
Hosseini Sisi et al. [45], 2014 No 1 1 0 0 0 0 0 0 0 1 1 3/10

Guclu-Cunduz et al. [46], 2014 No 1 0 0 1 0 0 1 1 1 0 1 5/10
Marandi et al. [47], 2013 No 1 1 0 0 0 0 0 0 0 1 1 3/10

17 16 9 15 1 0 10 10 6 15 17

#1, eligibility criteria (not included in the total score); #2, random allocation; #3, concealed allocation; #4, baseline
comparability; #5, participant blinding; #6, therapist blinding; #7, assessor blinding; #8, outcomes were obtained
from more than 85%; #9, intention to treat analysis; #10, between-group difference; #11, point estimates and
variability.

4. Discussion

The purpose of this review was to identify the possible therapeutic effects of Pilates
for pwMS. These were the main variables studied, as well as the influence of Pilates on
each of them.

4.1. Balance

Balance was studied in 14 papers [28,30,34,36–38,40–47]. In each of these, one of the follow-
ing scales or assessment methods was used: Timed Up and Go Test [28,30,34,38,40–42,44–46],
Berg Balance Scale [29,36,40,42,44–46], Activities-Specific Balance Confidence Scale [34,41,43,46],
Functional Reach Test [30,40], Balance Platform [28,37], Falls Efficacy Scale International [34],
Fullerton Advanced Balance Scale [38], Four Square Step Test [40], Single-leg Stance [41],
Trunk Impairment Scale [44], and Six-and-Spot Step Test [47]. In all 14, Pilates yielded
significant improvements post-intervention. The studies of Hosseini Sisi et al. [45] and
Marandi et al. [47] only compared the results for this parameter with other therapies (re-
bound therapy [45] and aquatic therapy [47]), and did not report significant differences
between interventions. In contrast, the study by Gheitasi et al. [30], with solid methodolog-
ical quality (7 on PEDro scale), found significant improvement from Pilates compared with
usual physician care; and Duff et al. [38] (7 on PEDro scale), which compared Pilates with
1-h of massage per week, found significant improvement from Pilates in balance and gait.

These findings are in line with other reviews [48]. As such, balance seems to be an
important issue in pwMS that can benefit from Pilates interventions.

4.2. Gait/Walking

This variable was assessed in 11 studies [28,31,32,34,36–38,40,42–44] using: 6 Minute
Walk Test [32,34,36–38,40], 12-Item Multiple Sclerosis Walking Scale [31,34,40,43], 10 Meter
Walk Test [31,36,43], Timed 25-Foot Walk [34,42,44], 2 Minute Walk Test (2MWT) [28,31,40],
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the walking section of the Patients’ Global Impression of Change Scale [31], and Rivermead
Visual Gait Assessment [31]. Ten studies found significant improvements in gait post-
intervention [28,31,32,34,36–38,40,43,44]. Of note are the studies by Arntzen et al. [31]
(8 on PEDro scale), where there were significant differences in favour of Pilates with
respect to standard physiotherapy care; and by Ozkul et al. [32] (8 on PEDro scale), where
Pilates presented significant improvements in gait quality when compared with relaxation
exercises carried out at home. Also of interest is the significant 2MWT improvement found
by Güngör et al. [28], both for patients in the Pilates group under the supervision of a
physiotherapist and those doing home-based Pilates training.

Gait is a variable intimately related to balance. Two papers focused on studying both
parameters combined: Kalron et al. [40] and Fox et al. [43]. The two studies compared the
results obtained with the Pilates intervention with those from standard physical exercise.
In Kalron et al. [40], both groups improved, although no significant differences were found
between them. In contrast, in Fox et al. [43], the group doing standardised exercises
obtained significant post-intervention improvements compared with those undergoing the
Pilates intervention. Therefore, although Pilates has positive effects on gait and balance in
pwMS, it seems that they are no better than other modes of physical exercise.

4.3. Physical-Functional Conditions

Within this variable, we include those studies which assess muscle strength: (leg
extension 1 RM [38], sit-ups test [41], modified push-ups test [28,41], quadriceps and
hamstrings isokinetic strength [28], and hand held dynamometer [46]), core stability (curl-
up test [28,34], plank hold test [38], side bridge test [28,41], trunk flexion test [28,41], prone
bridge test [41], and Biering-Sorensen test [28]), physical performance (9-Hole Peg test [42,44];
and time to roll from right to left, lie/sit, sit/stand, and repeated sit/stand [42,44]), aerobic
capacity (consumption of VO2 on treadmill, and Physiological Cost Index [33]), physical
activity (accelerometer monitoring activity [31,38], Godin Leisure-Time Exercise Question-
naire [29,35]), and body composition [36]. The reported results suggest that intervention
with Pilates could be a valid tool for improving strength [33,46], core stability [34,41],
physical performance [42,44], aerobic capacity [33], and body composition [36] in pwMS.
However, the heterogeneity of the assessment tests employed hampers data aggregation
and direct comparison of the results.

4.4. Fatigue

Pilates improved fatigue significantly in pwMS in nine studies [28,29,32,35–37,41,42,44]
of the ten that evaluated it [28,29,32,35–37,40–42,44]. Nevertheless, none of these found
significant differences when compared with other interventions. Once again, different
scales were used to evaluate fatigue: Modified Fatigue Scale [29,35,36,40,44], Fatigue Impact
Scale [32,42], and Fatigue Severity Scale [28,37,41]. Pilates provides positive results, but
whether it is better than other treatments remain unclear. Specifically, in the study by
Kara et al. [42], the group doing aerobic exercises did obtain significant post-intervention
improvements in fatigue, but the Pilates group did not. Nonetheless, this result needs
to be interpreted with caution, because there were not significant differences between
the groups, the sample size was small, and there were a lot of losses in the Pilates group
post-intervention. Güngör et al. [28] also obtained significant improvements in fatigue in
both the supervised Pilates training group and the home-based Pilates training group, but
without differences between the groups, although there was a loss of 20% from the latter
group, which could have altered the findings.

In summary, fatigue remains a poorly studied variable [4,7] despite being a widespread
alteration in pwMS.

4.5. Quality of Life

Four of the studies evaluated this parameter [32,38,41,44]. Two scales were used:
the Multiple Sclerosis Quality of Life-54 instrument [32,38,41], and the Multiple Sclerosis
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International Quality of Life Questionnaire [44]. Significant improvements were obtained
for this variable in three of the four studies [32,41,44] in both the physical and mental
sections of the scales; in one of which [44], the results were significantly better in the Pilates
group than in the control group.

4.6. Cognitive/Psychological Function

Cognitive functions were analysed in four studies [32,34,42,44], using the following
scales: Brief Repeatable Battery of Neuropsychological Tests [32], Brief International Cog-
nitive Assessment for MS [34], and Paced Auditory Serial Addition Test [42,44]. All of
them obtained significant post-intervention improvements in this parameter. Of interest
are the studies by Ozkul et al. [32] and Abasiyanik et al. [34], which compared the Pilates
intervention with doing exercises at home (relaxation in the case of Ozkul et al. [32]), and
obtained significantly better results in this variable with the Pilates intervention. Although
somewhat surprising, the results in these studies open the door to incorporating measure-
ments of cognitive parameters in future work using Pilates, as has been done in others
where exercise was also the base of the intervention [49–53].

On the other hand, Fleming et al. [29,35] assessed depression and anxiety in pwMS,
and Küçük et al. [44] assessed depression. The results do not offer any clear direction:
although in Fleming et al. [29], the home-based Pilates group obtained significant improve-
ment in comparison with the control group with regard to depression and anxiety, in
earlier work [35], the same author stated that the supervised Pilates group presented a
significant worsening of anxiety symptoms with respect to the home-based Pilates group.
In addition, Küçuk et al. [44] did not find significant improvements in depression following
the Pilates intervention. It is possible that these results are due to other factors, such as the
comorbidities or severity of MS, as Kara et al. [42] report that both the Pilates and aerobic
exercise groups, despite the improvement in depression experienced, did not present values
significantly better than healthy adults.

4.7. Attendance/Adherence

In general, for the studies presenting data on compliance by patients with the Pilates
sessions, there is an average adherence to the treatment above 80–85% [31,32,34,35,37,38,46].
The outstanding levels of adherence, in addition to the clinical results, are one of the high-
lights of using Pilates interventions in pwMS. Nevertheless, in the study by Fox et al. [43],
the Pilates exercise group only had 66% adherence compared with 84% and 92% in the
groups doing standardized exercises or relaxation, respectively. Most of the papers do not
state values for compliance [28–30,33,36,39–42,44,45,47], which is an important limitation.
Adherence is usually linked to the patient’s motivation for the treatment offered [54]; hence,
it is a relevant issue in a disease such as MS, a long-duration chronic illness requiring
physical-functional conditions to be as stable as possible over time, to maintain the inde-
pendence and autonomy of patients. Lack of adherence may reflect a deterioration in the
fitness of pwMS, and greater expense in terms of healthcare and personnel resources.

4.8. Sample Characteristics

The population analysed in these studies comprised 999 pwMS, and 868 finished
them (131 dropouts, 13.11%). In terms of age, patients in their third and fourth decades
predominated [28–30,32,34,36–42,45,46] (only three of the studies [31,43,44] include patients
aged over 60), and this is in line with the epidemiological data [3]. With regard to sex, the
majority are women (602), compared with 226 men, which also matches the epidemiological
data for the disease (3:1 women to men ratio [2,3]). Dropout rates may vary between sexes,
as in the study by Bulguroglu et al. [41]. Surprisingly, in some of the studies, the sample
consists exclusively of women [33,35,36,39,46,47] or men [30,45], which complicates cross-
sex validation of the results.
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The majority of the samples include MS of the RRMS type (86.76%), this being the
most common form of MS [5]. In eight studies [29,30,35,41,44–47], the clinical state of the
disease in the participants is unfortunately not specified.

The degree of disability in the samples was quantified in most cases using the Ex-
panded Disability Status Scale [28,30–34,36,37,39–47], with the average scores on
this questionnaire being highly variable, tending normally to an average score of
4.5 [28,31,32,34,37,40–42,44–47]. Only the study by Banitalebi et al. [33] included patients
with a score of up to 8 on this scale: patients need to use aids for walking once their score
reaches 6. Three studies employed the Patient-Determined Disease Steps Scale [29,35,38]
to measure the degree of disability. The lack of standard evaluations, combined with the
fact that some studies do not specify the clinical type of MS [29,30,35,41,44–47], leads to
important knowledge gaps that ought to be addressed in future research. The performance
of participants in Pilates programs will determine the design of the exercises, and the
therapeutic objectives intended for each type of MS. Amatya et al. [5] agree that it is key to
analyse these aspects to offer more effective and specific multidisciplinary treatment for
each pwMS.

4.9. Characteristics of the Pilates Interventions

The type of Pilates intervention is specified in the majority of the cases, with mat work
being the preferred modality [28–32,34–39,41–44]. In Duff et al. [38], the Pilates group did
sessions of mat work and fitness equipment, whereas in Bulguroglu et al. [41], a mat work
group was compared with one using Pilates exercise machines, and with a control group
doing relaxation and respiration exercises at home. The Pilates intervention on the mat is
likely preferred for economy and space reasons, as well as for its convenience for group
therapy sessions. However, in Bulguroglu et al. [41], although both modalities achieved
significant post-intervention improvements, there is significantly greater improvement in
the exercise machine group when looking at vertebral mobility using the Trunk Flexion
Test. It would be useful for future studies to analyse whether working with machines offers
greater benefits than mat work, in both therapeutic and cost-effectiveness terms.

It is also challenging to evaluate the benefits offered by at-home video-guided Pi-
lates interventions for pwMS. The studies [29,35] that presented this intervention offer
encouraging results. The Pilates intervention guided by DVD obtained good results in
relation to symptoms of anxiety, depression, and fatigue. It is unclear whether the DVD
modality is a better choice than the supervised intervention, from both the therapeutic
and cost-effectiveness points of view. It would be helpful to analyse DVD-guided Pilates
intervention as a sole treatment, or as a complement to the work of health professionals, as
well as the requirements necessary (for instance, workload recommended), or the potential
options for tracking the workload or motivation of pwMS to continue with the Pilates
program.

In the majority of the studies, the session duration ranges from 45 to
60 min [29–32,34–38,42,44–47], with weekly frequency mainly established at
two [28,29,35,38,41,42,44,46] or three [30–33,36,37,39,45,47] sessions per week, except for three
with one session/week [34,40,43]. Most interventions lasted 8 [28,29,34–37,39,41,42,44–46] or
12 weeks [30,33,38,40,43,47]. Because in most of the studies there was no long-term moni-
toring after the intervention, it is unclear whether the outcomes attained are maintained.
Only the study by Arntzen et al. [31], the one with the shortest intervention (6 weeks),
tracked outcomes up to 30 weeks. These results point to sustained benefits for gait in the
Pilates group after 18 (walking speed, perceived limitations, and distance walked) and
30 weeks (distance walked). We propose to schedule follow-up assessments in order to
define whether the effects of the Pilates persist, in addition to establishing, in cases where
the treatment is suspended (such as for vacation), after how long the treatment ought to be
resumed to avert a significant loss of the benefits achieved.

The sessions took place for individuals in six studies [28,29,35,40,41,43], and
for groups in five studies [31,34,38,44,46], whereas in nine studies, was not
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specified [30,32,33,36,37,39,42,45,47]. Eight studies [30,33,38,40,41,45–47] do not provide
details regarding the Pilates program applied. Future research should be more precise in
how the interventions are described, as this would facilitate replication, comparison, and
evolution of the protocols.

With regard to the session supervision, the professional in charge was a physiotherapist
in 11 studies [29,31,32,34,37,40–44,46], 5 of which specified that a Pilates certification was
held [34,40,41,43,46]. In six studies [30,33,36,39,45,47], the professional responsible for
directing the sessions is not specified. From our point of view, the physiotherapist is
the ideal person for conducting these interventions in patients, optimally with a Pilates
specialisation, to guarantee more effective and safer sessions while following the guidelines
of the method properly.

4.10. Adverse Effects and Dropouts

Whether the intervention had adverse effects is relevant for pwMS. Adverse effects
during the intervention were specified in four studies [28,31,37,42], with a total of nine cases
(five for exacerbation of symptoms, two for relapse, and two due to the work intensity).
In seven studies [33,36,39,41,44,45,47], it is not specified whether there were any adverse
effects, although there were some dropouts. Adverse effects should be reported, and the
cause of dropping out should be clarified, as well as the possible link with undesired
effects of the treatment, to provide assurance in future research with Pilates in pwMS. It is
also relevant for the validity of the outcomes to be verified. As shown in Table 3, in nine
studies [28,34–36,41,42,45–47], one key result could not be obtained in at least 85% of the
initial sample, hindering attribution of the results to the intervention.

4.11. Methodological Quality of the Studies

Table 3 shows that the average score obtained by the studies was 5.5/10 on the PEDro
scale. Following Foley et al. [26], a score of 9–10 means excellent quality, 6–8 is good, 4–5
is acceptable, and <4 points is poor. In our review, 10 studies [28–33,37,38,40,43] have a
value ≥6 points (3 reach 8 points [31,32,43], and only 3 [42,45,47] have a score <4 points
on this scale). Given the PEDro scale design, the principal limitation is that none of the
studies were double-blind. It also seems important for future studies to include appropriate
randomization of the sample (as reflected in domain 1 of Figure 2), and an analysis of the
results by treatment intention, which would help to control the detection biases (domain 3,
Figure 2). All these issues would enhance the internal validity of the studies and their
bias control.

Table 3 shows that only nine studies [28–32,34,37,38,43] have incorporated a sample
size calculation, thus facilitating extrapolation of their results. Future investigations should
take this into account in their design, as this would bring external validity to the results, and
enhance their ecological value. According to the present review, this issue can eminently
be improved.

4.12. Limitations

The main limitation is the methodological quality of the studies: although acceptable
in most cases, greater control over biases and larger population samples are required.

Furthermore, the lack of data about adverse effects, whether these are related to some
of the dropouts, and the type of MS should be clarified, and could limit the scope of our
conclusions if the disease status could be related to a higher number of dropouts. The
tendency to analyse the influence of Pilates in pwMS with mild to moderate degree of
disability is also relevant, so the studies included show limited information on the effects
of Pilates in pwMS who are already starting to have significant problems with ADL and
walking. Further, studies have often included patients with different types of MS or with
different degrees of disability, and no systematic information is collected on drug treatment.

Another limitation is the lack of an adequate blind allocation, with masked assessors
and intention-to-treat analyses.
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Overall, the need for standardisation is obvious, as it would allow future researchers
to compare different studies, their results, and the effectiveness of the Pilates to choose the
best approach for clinical use. Furthermore, the heterogeneity of the evaluation scales does
not allow a reliable comparison between studies, or aggregation of the results to support
the findings.

We suggest follow-up assessments in future studies to explore how long improvements
last, and to propose suitable guidelines for the dichotomy between treatment period and
pause period between treatment programs.

Finally, the exclusion of grey literature due to our study selection criteria could have
led us to omit certain papers referring to our area of study, and whose results might have
been of interest for this review.

5. Conclusions

The outcomes support the therapeutic use of Pilates in MS management. Our findings
suggest that Pilates is a safe active treatment method for pwMS (few adverse effects), with
high adherence (low dropout rate), and which can improve important parameters in the
target population, such as balance, gait, physical-functional capacities, and even cognitive
functions. Findings are fairly limited for other variables, as in the case of fatigue, quality of
life, and psychiatric conditions such as depression or anxiety.

Additional high-quality RCTs with large enough population samples are needed to
substantiate the advantages of Pilates as a tool for rehabilitation in pwMS.
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