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Diseases affecting the nervous system are diverse. A recent global burden of disease
study found that nervous system diseases were the leading cause of disability-adjusted
life-years (DALYs) in 2021 [1]. Among the ten conditions with the highest age-standardised
DALYs in 2021, stroke was ranked first [1]. Furthermore, it is noteworthy that low- and
middle-income countries bear the highest burden of stroke [2,3]. With increasing global
DALYs, effective strategies for the prevention, medical treatment, and rehabilitation of
nervous system diseases, particularly stroke, are imperative. It is subsequently crucial to
swiftly identify and treat stroke patients, especially in remote or rural areas, to minimise
subsequent complications. The time taken to intervene in cases of stroke is particularly
critical in reducing the risk of long-term disability and mortality [4].

This Special Issue presents the latest achievements related to post-stroke rehabilitation
though the publication of 11 papers, comprising several types of articles including original
studies, reviews, and a brief report written by experts from Iran, the USA, China, Australia,
Italy, Spain, Taiwan, the Netherlands, the UK, and Canada.

An editorial written by Nakhostin Ansari et al., entitled “Telestroke: a novel approach
for post-stroke rehabilitation”, highlights the importance of telemedicine in the current
world of patient’s rehabilitation post stroke (Contribution 1). In a retrospective cohort
study entitled “Association of the neutrophil-to-lymphocyte ratio with 90-day functional
outcomes in patients with acute ischemic stroke”, Cheng et al. identify the potential factors
associated with functional prognosis in acute ischemic stroke (Contribution 2).

In a paper by Azarnia et al., the authors designed a double-blind, randomised clinical
trial with attention on the effectiveness of uni-hemispheric dual-site anodal tDCS on brain
metabolic changes in stroke patients (Contribution 3). After this, Cinnera et al., in their
paper entitled “Convergent validity of the timed walking tests with functional ambulatory
category in subacute stroke”, assess the convergent validity of three different walking tests
for patients post stroke (Contribution 4). Then, Chilvers et al. published an interesting paper
entitled “Clinical, neuroimaging and robotic measures predict long-term proprioceptive
impairments following stroke” with a focus on robotic measures to predict proprioceptive
impairments among patients post stroke (Contribution 5).

Authors from Johns Hopkins University, in their paper entitled “Remapping and
reconnecting the language network after stroke”, review the literature on neurotypical
individuals and individuals with post-stroke aphasia (Contribution 6). Following this, a
narrative review entitled “Exploring the prospects of transcranial electrical stimulation (tES)

1



Brain Sci. 2024, 14, 824

as a therapeutic intervention for post-stroke motor recovery: a narrative review”, conducted
by authors from the USA, explores the mechanisms underlying commonly employed tES
techniques and evaluates their prospective advantages and challenges in applications in
motor recovery after stroke (Contribution 7). Then, Shariat et al., in their scoping review
paper entitled “Outcome measures utilized to assess the efficacy of telerehabilitation for
post-stroke rehabilitation: a scoping review”, determine the outcome measures used in
TR studies and define which parts of the International Organization of Functioning are
measured in trials (Contribution 8). Then, Ko et al., from Taiwan, present a systematic
review and meta analyses entitled “The application of soft robotic gloves in stroke patients:
a systematic review and meta-analysis of randomized controlled trials” and determine the
effectiveness of soft robotic gloves (SRGs) in improving the motor recovery and functional
abilities in patients with post-stroke hemiparesis (Contribution 9). Moreover, Chacon-Barba
et al., from Spain, published their systematic review entitled “Effects of resistance training
on spasticity in people with stroke: a systematic review” in which they analyse the effects of
resistance training, compared with no treatment, conventional therapy, or other therapies,
in people with stroke-related spasticity (Contribution 10).

Finally, Dadbakhsh et al. conclude this Special Issue with their brief review entitled
“Translation, adaptation, and determining the intra-rater reliability of the balance evaluation
systems test (BESTest) for Persian patients with chronic stroke” (Contribution 11).

Overall, this Special Issue highlights the need to focus on multiple variables related
to the assessment and rehabilitation of post-stroke patients, utilising not only traditional
methods, but also advanced technologies such as telehealth and robotics.

We believe that continuing research in this field is imperative for conducting more
in-depth investigations, particularly concerning cost and feasibility, especially for those
living in rural areas who lack access to specialists and hospitals in big cities. In this context,
the development of novel protocols and approaches, such as telehealth, should be given
significant consideration.
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Despite the tremendous technologic advancements of recent years, the prevalence
of stroke has increased significantly worldwide from 1990 to 2019 (a 70.0% increase in
stroke and a 43.0% increase in stroke deaths). Moreover, the highest global burden of stroke
is borne by low- and middle-income countries [1,2]. Rapid identification and treatment
of these patients, especially in remote or rural areas, is imperative to reduce subsequent
complications. The time-to-intervention for stroke is of particular importance in reducing
the risk of long-term disability and mortality [3].

Virtual communication related to the distribution and provision of healthcare (referred
to as “telehealth”) has become an essential component to providing equitable care and
treatment services to individuals who may be unable to access care in person more readily.
The telehealth concept encompasses virtual healthcare provision, communications and
collaborations, research and development, education, disaster readiness, administration,
and management [4]. The health resource services administration (HRSA) has defined
telehealth as “the use of electronic information and telecommunications technologies to
support long-distance clinical health care, patient and professional health-related education,
public health and health administration” [5]. Across the literature, the terms “telemedicine”
and “telehealth” are sometimes used interchangeably [6], despite a slight difference between
the two terms. While telemedicine is a more limited term, referring only to remote clinical
services, telehealth is a broad term which encompasses both virtual non-clinical services and
clinical services [4]. As described by Khandpur et al., non-clinical aspects of telehealth can
include the provision of remote training sessions, administrative meetings, and continuing
health education [7].

The World Health Organization (WHO) has also commented on the emergence of
“eHealth”, referring to “cost-effective and secure use of information and communications
technologies in support of health and health-related fields, including health-care services,
health surveillance, health literature, and health education, knowledge and research”. By
this definition, eHealth can incorporate various forms of information and communica-
tion technology (ICT). Thus, applications and health promotion websites in addition to
screening, assessment, and video-chat tools can all be considered forms of eHealth [8].

During the COVID-19 Pandemic, the use of telehealth became commonplace, as
patients sought to avoid the risk of exposure to the viral vector. Telehealth was used
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to provide primary care [9] and psychiatric [10] services throughout the course of the
Pandemic. Moreover, telehealth was used extensively for the prevention and treatment of
various types of musculoskeletal discomforts [11]. Within the field of rehabilitation after
neurological insult, the development of telestroke in 1996 has brought about a revolution in
the treatment of patients with stroke. Telestroke allows physicians and advanced practice
providers to begin examining and treating patients with stroke remotely utilizing various
forms of technology (e.g., video conferencing, digital cameras, smartphones, tablets, and
other technologies) well before reaching the hospital [12,13].

Further emphasis on education for suspectable populations, screening and monitoring
for signs and symptoms of neurological change, and management advancements and
insights can all continue to improve the care of patients with stroke. Improvements within
the domain of telestroke can also revolutionize stroke care. Training efforts for high-risk
individuals in the use of modern technologies can result in improved prevention and treat-
ment of this disease [14]. Researchers and healthcare practitioners must consider all three
levels of prevention: primary, secondary, and tertiary prevention to improve the efficiency
of telestroke capabilities. Broadly speaking, primary prevention through the use of tele-
stroke involves the careful provision of primary care through virtual platforms, including
discussion regarding risk mitigation through the use of diet and exercise interventions [15]
as well as pharmacotherapy targeting hypertension [16] and hypercholesterolemia [16].
Secondary prevention can also be achieved through the use of telecommunications for
screening and identification of patients at risk for impending neurological insult. Patients
can then follow up in the clinical setting for advanced imaging or invasive diagnostic tests.
Finally, tertiary prevention once patients have been diagnosed with stroke can be at least
in part administered through the use of telestroke, as patients require close follow up and
rehabilitative consultations [17].

In addition to efforts geared towards the level of physicians and rehabilitative practi-
tioners, telenursing can be effective in reducing the global burden of disease from stroke [18].
Today, the capabilities of different aspects of telehealth, such as telenursing and telecon-
sultation have expanded markedly [19]. Therefore, linking these entities with telestroke,
especially in the discussion of primary prevention, can bring great utility in preventing the
occurrence and complications of stroke, especially in developing and low-income countries.

To these aims, for this special series for Brain Sciences on post-stroke rehabilitation, we
invite experts in the field of neurorehabilitation to submit their valuable papers including
original articles and reviews. The main purpose of this issue is to highlight the novel efforts
for patients who are post-stroke using new technologies. In addition, the series will include
contributions using traditional methods as well. We look forward to fostering the ongoing
discussion regarding the provision of stroke-related care via virtual means.

Author Contributions: Conceptualization, G.H. and A.S.; Writing—Original Draft Preparation, F.B.
and N.N.A.; Writing—Review & Editing, A.T.A. and A.S.; Supervision, G.H. and N.N.A. All authors
have read and agreed to the published version of the manuscript.
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Abstract: The neutrophil-to-lymphocyte ratio (NLR), an inflammatory marker, plays an important
role in the inflammatory mechanisms of the pathophysiology and progression of acute ischemic
stroke (AIS). The aim of this study was to identify the potential factors associated with functional
prognosis in AIS. A total of 303 AIS patients were enrolled in this study; baseline information
of each participant, including demographic characteristics, medical history, laboratory data, and
90-day functional outcome, was collected. Multivariate logistic regression analysis revealed that
NLR, systolic blood pressure (SBP) and National Institutes of Health Stroke Scale (NIHSS) score
were found to be independent factors for poor functional outcomes. Receiver operating char-
acteristic (ROC) curve analysis was performed to estimate the predictive value of the NLR for
90-day functional outcome, with the best predictive cutoff value being 3.06. In the multivariate
logistic regression analysis, three models were constructed: Model 1, adjusted for age, sex, SBP, and
TOAST classification (AUC = 0.694); Model 2, further adjusted for the NIHSS score at admission
(AUC = 0.826); and Model 3, additionally adjusted for the NLR (AUC = 0.829). The NLR at admission
was an independent predictor of 90-day prognosis in patients with AIS. The risk factors related to
poor 90-day functional outcomes were higher SBP, higher NLR, and a greater NIHSS score.

Keywords: acute ischemic stroke; inflammation; neutrophil-to-lymphocyte ratio; 90-day functional
outcome

1. Introduction

Globally, stroke is the second leading cause of death and the third leading cause of
death and disability [1]. Timely prediction and intervention can effectively reduce the
disability rate among patients. The pathogenesis of acute ischemic stroke (AIS) involves
multiple factors, including in situ thrombotic occlusion, artery-to-artery embolism, local
branch occlusion, the inflammatory response, ischemia–reperfusion injury, and other con-
tributing mechanisms [2]. Studies have shown that immune responses play an important
role in the pathophysiology and progression of AIS, particularly with regard to brain injury
and tissue repair [3–5]. In fact, inflammation and immune mechanisms can be involved
throughout all stages of the disease [6].

In recent studies, novel inflammatory markers, including the neutrophil-to-lymphocyte
ratio (NLR), C-reactive protein (CRP), the CRP-to-lymphocyte ratio (CLR), the platelet-to-
lymphocyte ratio (PLR), and the systemic immune-inflammation index (SII), have been
acknowledged as surrogate markers of systemic inflammation, and they have been valu-
able indicators for the diagnosis and prognosis of diverse infectious diseases, including
cancer [7–9], heart disease [10,11], acute respiratory distress syndrome (ARDS) [12], and
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COVID 2019 [13]. According to recent studies, these markers can also predict the compli-
cations of stroke. The NLR is significantly associated with the clinical prognosis of stroke
patients, including both patient outcomes following endovascular therapy (EVT) [14] and
the risk of hemorrhagic transformation (HT) [15]. In addition, increased systemic inflam-
mation is associated with the risk of progressive stroke [16,17] and the severity of cerebral
edema early after reperfusion therapy in stroke patients [18].

The aim of this study was to identify potential factors associated with 90-day functional
outcomes and explore the relationships between these factors and functional prognosis
in AIS. This study focused on common clinical inflammatory markers, including NLR,
CLR, SII, CRP, FIB, PLR, HCY, and WBC and ultimately validated the utility of the NLR
as a reliable prognostic indicator for AIS patients. Furthermore, our study integrated
clinical factors, biomarkers, and imaging to construct a highly accurate prediction model,
emphasizing that prompt and effective clinical intervention can significantly improve
patient outcomes.

2. Materials and Methods
2.1. Study Design and Participants

This was a single-center retrospective cohort study of all consecutive AIS patients
admitted to our stroke unit between July 2021 and October 2022. The inclusion criteria
were established based on the confirmation of AIS diagnosis through diffusion-weighted
imaging (DWI). The exclusion criteria were as follows: (1) had fever or an infectious
disease on admission or a history of immune system disease, (2) lacked complete imaging,
laboratory, or follow-up data, (3) had a life expectancy of less than 3 months or were
unable to complete the study for other reasons, and (4) were unable to comprehend or
adhere to study protocols or follow-up procedures due to mental, cognitive, or emotional
impairments. Finally, a total of 303 AIS patients fulfilled the inclusion criteria and were
included in the study (Figure 1).
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This study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Research Ethics Committee of the First Affiliated Hospital of Soo-
chow University.

2.2. Data Collection

Basic information on each participant who met the inclusion and exclusion criteria
was collected, including age, sex, systolic blood pressure (SBP), diastolic blood pressure
(DBP), medical history (including hypertension, diabetes mellitus, smoking, alcoholic habit,
history of stroke, atrial fibrillation, and other heart diseases), and clinical data on admission
(including relevant laboratory indicators, stroke severity at admission as measured by the
NIHSS score, stroke etiology established based on the TOAST classification, computed
tomography perfusion imaging (CTP)-positive, HT, and thrombolytic treatment).

The laboratory data included triglyceride (TG), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), albumin, blood platelet count, creatinine, uric acid,
hemoglobin A1c, fasting blood glucose (FBG), fibrinogen (FIB), homocysteine (HCY), white
blood cell (WBC), CRP, NLR, CLR, PLR and SII. The NLR was calculated as the neutrophil
count/lymphocyte count. The CLR was calculated as the CRP/lymphocyte count. The
PLR was calculated as the platelet count/lymphocyte count. The SII was calculated as the
platelet count × neutrophil count/lymphocyte count. All blood samples were obtained
within 24 h of admission.

The modified Rankin scale (mRS) scores ranged from 0 to 6, with a score of 0 indi-
cating no symptoms, a score of 1 indicating no clinically significant disability, a score of
2 indicating slight disability, a score of 3 indicating moderate disability, a score of 4 indi-
cating moderately severe disability, a score of 5 indicating severe disability, and a score of
6 indicating death. We defined mRS scores of 0–1 at 90 days after AIS onset as excellent
functional outcomes and mRS scores of 2–6 as poor functional outcomes.

2.3. Statistical Tests

SPSS version 26.0 (SPSS, Inc., Chicago, IL, USA) was used for the statistical analysis.
The patients were categorized into two groups based on their mRS score at 90 days: those
with excellent functional outcomes (mRS: 0–1) and those with poor functional outcomes
(mRS: 2–6). The normality of the distribution was assessed using the Shapiro–Wilk test.
Continuous variables are presented as the mean ± standard deviation (SD), while nonnor-
mally distributed variables are presented as medians and interquartile ranges. Categorical
data were examined using the chi-squared test. The difference between two groups was
analyzed using a t-test for normally distributed continuous variables or the Mann–Whitney
U test for continuous variables that do not follow a normal distribution. Univariate logistic
regression and multivariate logistic regression analyses were also conducted to evaluate
the association between the NLR and 90-day clinical outcomes, and odds ratios (ORs)
and 95% confidence intervals (95% CIs) were calculated. Receiver operating characteris-
tic (ROC) curve analysis was performed to estimate the predictive value of the NLR for
90-day functional outcomes, and the optimal cutoff value was determined based on the
maximum Youden index. In the multivariate logistic regression analysis, three models were
constructed: Model 1, adjusted for age, sex, SBP, and TOAST classification; Model 2, further
adjusted for the NIHSS score at admission; and Model 3, additionally adjusted for the NLR.

3. Results
3.1. Demographics and Baseline Characteristics of All Participants

As shown in Table 1, significant differences between the two groups were described
by age, and patients with poor functional outcomes were older than patients with excellent
functional outcomes (t = 2.10; p < 0.05). Patients with higher SBP (t = 2.97, p < 0.05) and
higher TC (t = 2.15, p < 0.05) were more likely to suffer from poor functional outcomes.
Poor functional outcome patients showed higher NIHSS scores (Z = 8.47, p < 0.01) and a
higher NLR (Z = 5.43, p < 0.01). Another association was found between the two groups
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according to the TOAST classification (χ2 = 17.46, p < 0.01), and patients who were CTP
negative (χ2 = 10.36, p < 0.01) seemed to have poor functional outcomes.

Table 1. Clinical baseline characteristic of AIS patients according to 90-day mRS.

Demographic and Clinical Data
Excellent

Functional Outcome
(n = 217)

Poor
Functional Outcome

(n = 86)
t/Z/χ2 p

Age (years) 63.91 ± 13.02 67.30 ± 11.89 t = 2.10 0.037 *
Sex male/female 149/68 56/30 χ2 = 0.35 0.552
SBP † (mmHg) 146.66 ± 19.88 154.51 ± 22.68 t = 2.97 0.003 *
DBP † (mmHg) 83.52 ± 11.86 84.64 ± 12.83 t = 0.72 0.470
History of hypertension yes/no 146/71 56/30 χ2 = 0.13 0.719
History of diabetes yes/no 63/154 23/63 χ2 = 0.16 0.690
Alcoholic habit yes/no 42/175 14/72 χ2 = 0.39 0.534
Smoking yes/no 55/162 19/67 χ2 = 0.35 0.552
History of AF † yes/no 20/197 8/78 χ2 = 0.00 0.981
Other heart diseases yes/no 12/205 4/82 χ2 = 0.10 0.758
Previous stroke yes/no 38/179 14/72 χ2 = 0.07 0.798
TG † (mmol/L) [1.37 (1.03, 1.76)] [1.36 (0.99, 2.04)] Z = 0.13 0.900
TC † (mmol/L) 4.40 ± 1.05 4.69 ± 1.14 t = 2.15 0.032 *
LDL-C † (mmol/L) 2.73 ± 0.98 2.89 ± 1.09 t = 1.27 0.205
Albumin (g/L)
Prealbumin (g/L)

39.11 ± 3.44
238.31 ± 50.48

39.68 ± 3.72
234.57 ± 63.79

t = 1.28
t = 0.49

0.202
0.628

Blood platelet (109/L) [208 (172, 249)] [199 (165, 256)] Z = 0.65 0.514
Creatinine (µmol/L) [69.1 (58.8, 77.6)] [71.6 (57.8, 83.9)] Z = 1.45 0.149
Uric acid (µmol/L) 329.39 ± 96.65 347.08 ± 122.05 t = 1.20 0.231
FBG † (µmol/L) [5.38 (4.77, 6.74)] [5.75 (4.98, 7.44)] Z = 1.93 0.054
CRP † (mg/L) [2.46 (0.95, 8.05)] [7.49 (2.58, 15.36)] Z = 4.518 0.000 *
CLR †
HCY † (µmol/L)
WBC † (109/L)

[1.38 (0.58, 4.90)]
[9.90 (8.20, 12.10)]
[6.97 (5.61, 8.54)]

[5.11 (1.61, 10.64)]
[11.75 (9.60, 13.75)]
[8.18 (6.60, 10.00)]

Z = 5.216
Z = 3.314
Z = 3.371

0.000 *
0.001 *
0.001 *

NLR † [2.62 (1.94, 3.99)] [3.93 (2.83, 6.01)] Z = 5.43 0.000 *
SII †
PLR †
FIB † (g/L)

[529.74 (373.78, 841.03)]
[124.64 (92.75, 171.93)]

[2.80 (2.30, 3.32)]

[847.39 (531.30, 1375.46)]
[149.77 (113.44, 202.28)]

[3.22 (2.69, 3.95)]

Z = 4.555
Z = 3.140
Z = 3.940

0.000 *
0.002 *
0.000 *

Hemoglobin A1c ‡ (%) [6.1 (5.6, 7.3)] [6.1(5.7,7.2)] Z = 0.38 0.703
NIHSS † score [2 (1, 5)] [7 (4, 11)] Z = 8.47 0.000 *
TOAST classification † 98/23/80/16/0 59/10/12/5/0 χ2 = 17.46 0.001 *
CTP † -positive yes/no # 102/64 55/11 χ2 = 10.36 0.006 *
Thrombolytic yes/no 53/164 28/58 χ2 = 2.08 0.149
HT † yes/no † 5/212 2/84 χ2 = 0.88 0.831

Continuous data are shown as the mean ± SD, minimum and maximum values in patients with statistical
significance based on two sample t tests. Categorical data differences are represented with statistical significance
based on the chi-square test (χ2 and p) or Fisher’s exact test (Z and p). * p < 0.05. † SBP: systolic blood pressure;
DBP: diastolic blood pressure; AF: atrial fibrillation; TG: triglyceride; TC: total cholesterol; LDL-C: low-density
lipoprotein cholesterol; FBG: fasting blood glucose; CRP: C-reactive protein; CLR: the CRP-to-lymphocyte ratio;
HCY: homocysteine; WBC: white blood cell; NLR: the neutrophil-to-lymphocyte ratio; SII: the systemic immune-
inflammation index; PLR: the platelet-to-lymphocyte ratio; FIB: fibrinogen; TOAST refers to five classifications:
(1) large-artery atherosclerosis, (2) cardioembolism, (3) small-vessel occlusion, (4) stroke of other determined
etiology, and (5) stroke of undetermined etiology. NIHSS: National Institutes of Health Stroke Scale; CTP:
computed tomography perfusion imaging; HT: hemorrhagic transformation. ‡ We defined modified Rankin
scale (mRS) scores of 0–1 at 90 days after AIS onset as excellent functional outcomes and mRS scores of 2–6 as
poor functional outcomes. A total of 217 patients with excellent functional outcomes and 86 patients with poor
functional outcomes underwent HCY tests, while 208 patients with excellent functional outcomes and 83 patients
with poor functional outcomes underwent hemoglobin A1c tests. # A total of 166 patients with excellent functional
outcomes and 66 patients with poor functional outcomes underwent CTP tests.
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3.2. Comparison of Derived Blood Lymphocyte Parameters

As shown in Figure 2 and Table 2, ROC curve analysis revealed that the cutoff
levels of NLR [AUC = 0.717 (0.648 to 0.786)], CLR [AUC = 0.697 (0.625 to 0.768)], SII
[AUC = 0.694 (0.626 to 0.763)], CRP [AUC = 0.663 (0.587 to 0.738)], FIB [AUC = 0.661) (0.589
to 0.734)], PLR [AUC = 0.639 (0.567 to 0.710)], HCY [AUC = 0.624 (0.550 to 0.698)], and WBC
[AUC = 0.622 (0.547 to 0.697)] were 3.06, 3.87, 769.83, 4.44, 3.03, 125.09, 11.15, 7.43. The NLR
had a significantly greater AUC than did the CLR, SII, CRP, FIB, PLR, HCY and WBC in
predicting 90-day functional outcomes in patients with AIS.
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Table 2. ROC analysis results of the derived blood lymphocyte parameters.

AUC-ROC 95% CI Cut-Off Level p Value

NLR 0.717 0.648, 0786 3.06 <0.001
CLR 0.697 0.625, 0.768 3.87 <0.001
SII 0.694 0.626, 0.763 769.83 <0.001

CRP 0.663 0.587, 0.738 4.4 <0.001
FIB 0.661 0.589, 0.734 3.03 <0.001
PLR 0.639 0.567, 0.710 125.09 <0.001
HCY 0.624 0.550, 0.698 11.15 0.002
WBC 0.622 0.547, 0.697 7.43 0.002

NLR: the neutrophil-to-lymphocyte ratio; CLR: the CRP-to-lymphocyte ratio; SII: the systemic immune-
inflammation index; CRP: C-reactive protein; FIB: fibrinogen; PLR: the platelet-to-lymphocyte ratio; HCY:
homocysteine; WBC: white blood cell.

3.3. Analysis of Risk Factors Associated with Unfavorable Prognosis in AIS Patients

To avoid the influence of multiple comparisons, we chose p < 0.05 in Table 1 when
performing multivariate logistic regression analysis. We selected the NLR, which has the
most influential prognostic value among inflammatory factors. The three variables (NIHSS
score, TOAST classification and NLR) with the most significant associations, SBP, TC and
CTP-positivity were combined with age and sex and used to construct a prediction scale
using a multivariate logistic model. As shown in Table 3, the SBP (OR = 1.015, p < 0.01),
NLR (OR = 1.145, p < 0.01) and NIHSS score (OR = 1.241, p < 0.01) showed the most
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significant associations with poor functional outcomes according to multivariate statistical
analysis, and the other variables, including age, sex, and TOAST classification, showed
no associations.

Table 3. Multivariable logistic regression model for predicting patients with 90-day mRS.

Variables Odd Ratio 95% CI p Value

Age 1.016 0.99, 1.05 0.313
Sex 0.903 0.46, 1.77 0.766
SBP (mmHg) 1.015 1.00, 1.03 0.043
NLR 1.148 1.04, 1.27 0.008
NIHSS score 1.255 1.16, 1.36 0.000
Large-artery atherosclerosis 1.458 0.36, 5.96 0.599
Cardio-embolism 0.524 0.10, 2.90 0.459
Small-vessel occlusion 0.467 0.10, 2.10 0.320
TC 1.260 0.95, 1.67 0.104
CTP-positive 0.550 0.31, 1.43 0.221
CTP-negative 0.775 0.35, 1.74 0.536

SBP: systolic blood pressure; NLR: the neutrophil-to-lymphocyte ratio; NIHSS: National Institutes of Health
Stroke Scale; TC: total cholesterol; CTP: computed tomography perfusion imaging.

3.4. Comparison of Functional Outcomes of AIS Patients with High or Low NLR

A ROC curve was drawn to estimate the predictive value of the NLR for 90-day
poor functional outcomes. We observed that the area under the curve was 0.7 (95% CI
0.636–0.765), and the best predictive cutoff value was 3.06, with a sensitivity of 70.3% and a
specificity of 67.0%. As shown in Figure 3, we divided patients into two groups around the
cutoff value, and the scores on mRS are shown for the patients in the two groups who had
data for the primary outcome.
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3.5. Comparison of Various Models in Predicting 90-Day Functional Outcome with AIS

A ROC analysis was performed to examine the accuracy of the prediction scale of
the 90-day mRS. As shown in Figure 4, SBP, TOAST classification, NIHSS score and NLR
together showed a significantly high AUC (area under the ROC curve) of 0.829, which
indicated the higher accuracy of the 90-day functional outcome prediction scale. The AUC
of the predictions based on SBP and TOAST classification (green curve, AUC = 0.694) and
on the SBP, TOAST classification and NIHSS score (orange curve, AUC = 0.826) are also
presented. Age and sex effects were included in the multivariate logistic model to construct
prediction scales.
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4. Discussion

In this study, which included 303 patients with AIS, we found potential clinical risk
factors for 90-day poor functional outcomes following AIS, including older age, higher
SBP, higher TC, higher NIHSS score, TOAST classification, CTP-positive and a higher NLR.
Among the various inflammatory markers examined, such as CLR, SII, CRP, FIB, SCY, WBC
and PLR, the NLR exhibited a superior ability to predict the 90-day functional outcome,
with an area under the curve of approximately 0.717 and an optimal cutoff value of 3.06.
Furthermore, the NLR, age, sex, SBP, NIHSS score and TOAST classification substantially
enhanced the accuracy of the prediction of functional outcome in patients with AIS at
90 days.

The majority of studies conducted both domestically and internationally have consis-
tently proven that hypertension is the most important risk factor for cerebral infarction.
Many studies have shown that elevated blood pressure is associated with adverse outcomes
in patients with AIS who receive intravenous thrombolysis (IVT) or EVT [19–21]. Our study
also indicates that SBP serves as an independent risk factor for poor functional outcomes
in AIS patients, with a higher SBP correlating to a greater likelihood of experiencing
unfavorable clinical outcomes.

A few studies have shown that elevated TC levels are associated with outcomes of
ischemic stroke. A study involving 513 patients with AIS found that post-stroke mortality
was negatively correlated with TC, with higher TC being a protective factor for post-stroke
prognosis [22]. Our study also indicates an association between TC and stroke prognosis,
although it does not act as an independent risk factor. The NIHSS score is the predominant
clinical scale utilized for evaluating stroke severity. Generally, a higher NIHSS score is
related to a more severe stroke. Multiple studies have shown a strong association between
the NIHSS score upon admission and 90-day functional outcomes [23,24]. Our study
confirms this finding. The TOAST classifies cerebral infarction into five distinct types
based on the etiology of the condition [25]. The stratification of risk factors, treatment
selection and prognostic assessment for various types of cerebral infarction can be facilitated
according to the TOAST classification.
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CTP is a medical imaging method, enabling the estimation of irreversible ischemic
core damage as well as potentially salvageable ischemic penumbra [26]. CTP may aid in the
selection of EVT and the prediction of the prognosis of stroke patients. The DAWN [27] and
DEFUSE 3 [28] trials have demonstrated the efficacy of EVT in patients with stroke occurring
more than 6 h prior, as these patients exhibit a favorable CTP penumbral pattern. However,
our study revealed that CTP is associated with functional outcomes in AIS patients but
is not an independent risk factor in the multivariate logistic regression analysis of AIS
patients. One potential explanation is that the prognosis of AIS patients is influenced by
numerous factors such as age, lesion extent, early treatments, and rehabilitation measures.
Therefore, relying solely on CTP may not accurately predict prognosis. In addition, it may
be related to different subjects. Our subjects received various treatments, including IVT,
EVT or antiplatelet therapy alone.

The majority of strokes are caused by atherosclerosis, which leads to stenosis or occlu-
sion of the cerebellum. This subsequently results in ischemia and hypoxia in brain tissue,
leading to damage in corresponding functional areas. In recent years, growing evidence
has suggested that inflammation plays a pivotal role in the initiation and progression of
stroke [29,30]. After ischemia, the damaged brain tissue triggers a local inflammatory re-
sponse, leading to the release of inflammatory mediators. Neutrophils, monocytes, and other
immune cells accumulate and secrete metalloproteinases (MMPs), perforin, cytokines, and
neutrophil extracellular traps (NETs), thereby causing damage to brain tissue. Simultaneously,
thrombin is activated, disrupting endothelial barrier function and initiating complement
system activation [4,31]. Blood analysis, the most commonly used clinical test, has significant
value in determining the prognosis of stroke. By incorporating the ratio of various inflamma-
tory indicators, such as the NLR, PLR, and CLR, this approach has been shown to provide
greater predictive value than relying solely on individual inflammatory markers [32].

Previous studies have demonstrated the association between the NLR and stroke
prognosis. The initial investigation of the relationship between the NLR and short-term
mortality in stroke patients demonstrated that the NLR serves as an independent prog-
nostic indicator of short-term mortality in AIS patients, with higher NLRs significantly
associated with increased stroke-related mortality [33–36]. Min-Su Kim et al. discovered
a similar finding, indicating an optimal NLR threshold value of 2.09 [37]. Our study also
provided evidence that the NLR is an independent factor for 3-month clinical functional
outcomes in patients with AIS. Furthermore, an increased NLR may also predict infarction
size irrespective of its etiology [38]. Lattanzi et al. reported that patients with AIS and a
higher NLR at admission exhibited a greater propensity for early neurological deterioration
(END), with an optimal NLR threshold value of 6.4 [39]. Furthermore, multiple studies
have substantiated the association between an increased NLR and HT in patients with AIS.
Goyal et al. reported that the NLR was a significant independent predictor of symptomatic
intracranial hemorrhage (sICH) and 3-month mortality in patients with large vessel occlu-
sion who underwent EVT [40]. Similarly, Milena Switonska et al. also discovered that NLR
at admission can accurately predict sHT in AIS patients undergoing revascularization [41].
Slaven Pikija et al. confirmed this conclusion and highlighted that the critical value of ICH
is 3.89 [42]. Additionally, a high NLR is associated with an increased likelihood of stroke
complications, including poststroke depression [43], stroke-associated pneumonia [44,45],
delirium after stroke [46] and poststroke cognitive impairment [47,48].

The relationship between inflammation, including systemic and intravascular inflam-
mation, and acute ischemic stroke is currently a focal point of attention. Our study focused
on common clinical inflammatory markers such as NLR, CLR, SII, CRP, FIB, PLR, HCY
and WBC, ultimately finding that the NLR exhibited the strongest correlation with a poor
prognosis following stroke. Our study also encompassed clinical factors, laboratory indica-
tors, including inflammation markers, and imaging in order to identify risk factors that
impact the prognosis of AIS and establish a predictive model. The present model enhances
the accuracy of predicting functional outcomes during the early stages of AIS, facilitating
timely intervention and reducing disability rates later in disease progression. Combined
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with the findings of previous studies and our study, these findings further substantiated
the role of immune inflammation in stroke.

This study has several limitations. First, our study was a single-center retrospective
study, which resulted in the exclusion of a large number of patients and potential selection
bias. Furthermore, our study did not differentiate between various reperfusion treatments,
such as IVT or EVT, nor did it consider the potential impact of END on patients. Moreover,
we did not include information regarding poststroke complications, which could have
contributed to adverse clinical outcomes. Additionally, dynamic changes in the NLR were
not monitored. Future research should further address the shortcomings mentioned above.

5. Conclusions

Our study demonstrated that the NLR was an independent predictor of 90-day prog-
nosis in patients with AIS and identified potential factors associated with 90-day functional
outcomes; these factors were utilized to construct highly accurate prediction models. The
NLR may serve as a simple and low-cost marker for predicting functional outcomes in
patients with AIS.
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41. Świtońska, M.; Piekuś-Słomka, N.; Słomka, A.; Sokal, P.; Żekanowska, E.; Lattanzi, S. Neutrophil-to-Lymphocyte Ratio and
Symptomatic Hemorrhagic Transformation in Ischemic Stroke Patients Undergoing Revascularization. Brain Sci. 2020, 10, 771.
[CrossRef]

42. Pikija, S.; Sztriha, L.K.; Killer-Oberpfalzer, M.; Weymayr, F.; Hecker, C.; Ramesmayer, C.; Hauer, L.; Sellner, J. Neutrophil to
lymphocyte ratio predicts intracranial hemorrhage after endovascular thrombectomy in acute ischemic stroke. J. Neuroinflammation
2018, 15, 319. [CrossRef]

43. Chen, H.; Luan, X.; Zhao, K.; Qiu, H.; Liu, Y.; Tu, X.; Tang, W.; He, J. The association between neutrophil-to-lymphocyte ratio and
post-stroke depression. Clin. Chim. Acta 2018, 486, 298–302. [CrossRef]

44. Chen, L.-Z.; Luan, X.-Q.; Wu, S.-Z.; Xia, H.-W.; Lin, Y.-S.; Zhan, L.-Q.; He, J.-C. Optimal time point for neutrophil-to-lymphocyte
ratio to predict stroke-associated pneumonia. Neurol. Sci. 2023, 44, 2431–2442. [CrossRef]

45. Nam, K.-W.; Kim, T.J.; Lee, J.S.; Kwon, H.-M.; Lee, Y.-S.; Ko, S.-B.; Yoon, B.-W. High Neutrophil-to-Lymphocyte Ratio Predicts
Stroke-Associated Pneumonia. Stroke 2018, 49, 1886–1892. [CrossRef] [PubMed]
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Abstract: Uni-hemispheric concurrent dual-site anodal transcranial direct current stimulation (UHCDS
a-tDCS) of the primary motor cortex (M1) and the dorsolateral prefrontal cortex (DLPFC) may enhance
the efficacy of a-tDCS after stroke. However, the cellular and molecular mechanisms underlying its
beneficial effects have not been defined. We aimed to investigate the effect of a-tDCSM1-DLPFC on
brain metabolite concentrations (N-acetyl aspartate (NAA), choline (Cho)) in stroke patients using
magnetic resonance spectroscopy (MRS). In this double-blind, sham-controlled, randomized clinical
trial (RCT), 18 patients with a first chronic stroke in the territory of the middle cerebral artery trunk were
recruited. Patients were allocated to one of the following two groups: (1) Experimental 1, who received
five consecutive sessions of a-tDCSM1-DLPFC M1 (active)-DLPFC (active). (2) Experimental 2, who
received five consecutive sessions of a-tDCSM1-DLPFC M1 (active)-DLPFC (sham). MRS assessments
were performed before and 24 h after the last intervention. Results showed that after five sessions of
a-tDCSM1-DLPFC, there were no significant changes in NAA and Cho levels between groups (Cohen’s
d = 1.4, Cohen’s d = 0.93). Thus, dual site a-tDCSM1-DLPFC did not affect brain metabolites compared to
single site a-tDCS M1.

Keywords: transcranial direct current stimulation; metabolism; stroke; magnetic resonance spectroscopy

1. Introduction

Stroke is the second leading cause of death worldwide [1]. More than 50% of survivors
suffer from chronic disability [2]. Motor impairment is the most common physical com-
plication. However, improving motor function in stroke patients remains a challenge [3].
Recently, neurorehabilitation has progressed towards direct brain stimulation, and studies
have suggested that brain modulation may have beneficial effects on motor training [4].
Non-invasive brain stimulation (NIBS) aims to transcranially modulate the excitability of
specific brain areas [5]. Transcranial direct current stimulation (tDCS) is a form of NIBS
that delivers low-intensity direct current through the scalp and facilitates cell plasticity by
acting on the neuronal network [6–8]. A recent meta-analysis demonstrated the efficacy of
tDCS for motor recovery in stroke patients [9].

Changing the parameters of tDCS to achieve the maximum effect is clinically impor-
tant. One of the most important parameters is electrode placement. Studies have shown
that stimulation of brain areas functionally connected to the primary motor cortex (M1)
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increases corticospinal excitability (CSE) [10]. A related method, called uni-hemispheric
concurrent dual-site a-tDCS (UHCDS a-tDCS) stimulates two functionally connected brain
regions simultaneously [11]. We chose M1 and the dorsolateral prefrontal cortex (DLPFC).
The DLPFC is largely responsible for attention, executive function, and working mem-
ory [12]. There is evidence of a strong link between executive function and the prefrontal
cortex [13]. It is possible that DLPFC stimulation in addition to M1 has an additive effect
on motor recovery via functional connectivity to M1, which is thought to be stronger than
M1 stimulation alone.

Neuroimaging evidence suggests that changes in neuronal and glial metabolism may
play an important role in both functional decline and recovery of brain function. Proton
magnetic resonance spectroscopy (H-MRS) can detect changes in the metabolic levels of
neurotransmitters such as N-acetyl aspartate (NAA), choline (Cho), and creatine (Cr), and
can provide a good picture of the metabolic state of damaged tissue [14].

N-acetyl aspartate (NAA) is used as a non-invasive marker of neurological health.
Stroke survivors have shown decreased levels of brain NAA [15], suggesting a loss
of neurons.

NAA deficiency is associated with reduced levels of ATP, acetyl CoA and other metabo-
lites involved in energy metabolism [11]. The researchers found that the recovery of NAA
levels was only observed in conjunction with the regeneration of ATP [15]. Cr, found in
neurons and glial cells, plays an important role in maintaining the high levels of energy
required to maintain membrane potentials [11]. Cho and its metabolites can affect func-
tions such as maintaining the structural integrity of cell membranes and transmembrane
signaling [12,13].

Hone-Blanchet et al. showed that anodal tDCS to the left DLPFC and cathodal tDCS
to the right DLPFC in healthy subjects had rapid excitatory effects during stimulation and
increased the amount of NAA in the left DLPFC [16]. Carlson et al. reported decreases in
glutamate/glutamine and Cr after cathodal tDCS compared to sham tDCS [17].

The present study aims to extend the previous MRS research with metabolites in
stroke patients. The aim of this study is to investigate whether the addition of DLPFC
stimulation to M1 (UHCDS a-tDCSM1-DLPFC) can alter brain metabolite concentrations. We
hypothesized that the levels of brain metabolites such as NAA, creatine, and choline would
change significantly after UHCDS a-tDCSM1-DLPFC treatment compared to baseline levels.

2. Materials and Methods
2.1. Participants and Study Design

Eighteen patients with a first chronic stroke (>6 months post-stroke) in the MCA
territory were enrolled in this double-blind, randomized clinical trial. The study sample
was recruited from 533 patients who were admitted to Pars Hospital with a diagnosis
of stroke between 20 June 2021 and 20 July 2022, diagnosed by a physiotherapist and a
neurologist based on the admission criteria.

Ischemic stroke was confirmed clinically and by neuroimaging. Patients had no history
of chronic neurological or cardiac disease and were not taking any medication that could
alter their cognitive state. The severity of wrist flexor Spasticity was 1 or higher on the
Modified Modified Ashworth Scale (MMAS). They were able to communicate verbally with
the therapist. They did not have severe cognitive and memory impairment according to
the Persian version of the Mini-Mental State Examination (MMSE) (MMAS ≥ 23). Figure 1
shows the study procedure.

Patients were assured that they could withdraw from the study at any time. All
patients gave written informed consent to participate in the study. The study was ap-
proved by the Ethics Committee of the University of Social Welfare and Rehabilitation
(IR: USWR.REC.1400.185).
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Figure 1. Consort diagram of patients.

Randomization

The assessor and the participants were kept blinded to the group allocation. Ran-
domization was carried out using the Randomization.com website (accessed on 20 March
2023). The patients were randomized into two groups: Experimental 1 and Experimen-
tal 2, using a computer-generated randomization block. (1) Experimental 1 received five
consecutive sessions of a-tDCS M1-DLPFC M1 (active)-DLPFC (active). (2) Experimental 2
received five consecutive sessions of a-tDCS M1-DLPFC M1 (active)-DLPFC (sham). All
patients were assessed by MRS before and 24 h after five consecutive sessions of tDCS
intervention. All patients completed the intervention period and there were no dropouts.
Figure 1 demonstrates the CONSORT flow diagram depicting the phases of enrollment,
intervention allocation, follow-up, and data analysis in this two-group parallel randomized
trial (Figure 1).

2.2. H-MRS Protocol

MRS data were acquired using a Siemens 1.5 T scanner (Erlangen, Germany) with
an eight-channel receive-only head coil. A conventional 3-dimensional brain image
(sagittal T1 MPRAGE, TR/TE = 1800/3.5, field of view (FOV) = 256 × 256 × 160 mm3,
resolution = 1 × 1 × 1 mm3) was acquired for all patients before the MRS sequence
as a reference image for volume of interest (VOI) positioning. For single-voxel spec-
troscopy (SVS), MRS was acquired using a point-resolved spectroscopy (PRESS) sequence.
Two 2 × 2 × 2 cm3 voxels were located in the primary motor cortex (M1), dorsolateral
prefrontal cortex (DLPFC). Voxels were carefully placed to avoid contact with subcutaneous
fat, skull, vasculature, arachnoid space, and cerebrospinal fluid. Manual shimming was
performed on all acquisitions. Parameters were set to TR/TE = 1500/135 and NEX = 128.
Six saturation bands were placed around the VOI to suppress external volume signals. The
average duration of each H-MRS acquisition was 10 ± 2 min (5 min for each region) with
no complications.
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MRS Data Processing

Data were pre-processed by applying a water removal algorithm to the reference offset
of 4.65 ppm to remove residual water signals. SVS raw data were fitted using TARQUIN
(Gerg Reynolds and Martin Wilson, version 4.3.10). The predefined data set of NAA, Cho,
and Cr target metabolites was selected for peak fitting and metabolite concentration. The
metabolite ratios of NAA/Cr and Cho/Cr were calculated by dividing the metabolite
values in the same spectrum for the M1 region.

2.3. Transcranial Direct Current Stimulation

Two single-channel tDCS devices delivered direct current stimulation through two
saline-soaked electrodes. Electrode placement was determined using the international
10–20 system of electroencephalography. In both groups, the active electrodes were placed
on M1 (C3/C4) and DLPFC (F3/F4) according to the involved hemisphere, and the reference
electrodes were placed on the supraorbital area of the uninvolved side (Figure 2) [10].
According to the previous research [18], a constant current of 1 mA was applied for 20 min.
In the sham group “experimental 2”, the stimulation was switched off after 30 s only in the
DLPFC region. The standard 5 × 7 cm2 electrode was used as the reference electrode. To
localize the excitability of the motor cortex and increase the excitability of the corticospinal
tract, an active electrode of 4 × 4 cm2 was applied to the M1 and DLPFC regions [10,19].
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Figure 2. This figure is adapted from (The effects of anodal-tDCS on corticospinal excitability
enhancement and its after-effects: Conventional vs. uni-hemispheric concurrent dual-site stimulation,
Vaseghi et al., 2015 [10]).

Ref. [20] Schematic illustration of electrode montage in experimental 1: UHCDS a-
tDCSM1-DLPFC and experimental 2: UHCDS a-tDCSM1-DLPFC (M1active-DLPFC sham); The
reference electrodes were placed over the contralateral supraorbital area in two conditions.
In both groups, the active electrodes were positioned over M1 and dorsolateral prefrontal
cortex (DLPFC).

2.4. Measurement of Metabolites

MRS is an objective, non-invasive technique to detect and quantify changes in certain
biochemical compounds such as NAA, Cr, and Cho in brain tissue. MRS data were collected
from M1 for all patients.

2.5. Experimental Procedures

The study procedures consisted of three steps: baseline assessment, intervention
period, and post-intervention period. In the first step, MRS data were collected from
patients in both groups at baseline. In the next step, all patients received five sessions of
tDCS according to the group allocation.
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The stimulation dose was selected based on a previously published study. In the [10,18]
post-intervention period, patients underwent MRS 24 h after the last tDCS session (Figure 3).
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2.6. Outcome Measures and Data Analysis

The primary outcome was the concentration of brain metabolites (NAA, Cr, Cho) and
the metabolite ratio (NAA/Cr, Cho/Cr) in M1 tested by H-MRS. Metabolite levels on local
brain H-MRS are often reported as ratios rather than absolute concentrations. The most
common denominator is the Cr level, which is thought to be stable under normal conditions
as well as under some pathological conditions [21]. Therefore, we examined NAA/Cr
and Cho/Cr.

Data analysis was performed using SPSS software version 26 (IBM SPSS Statistics
for Windows, version 26, IBM Corp, Armonk, NY, USA). Continuous variables were
summarized as mean ± standard deviation. The Shapiro-Wilk test was used to determine
the normal distribution of quantitative data. The test results indicated that the MRS data
were not normally distributed. Non-parametric Mann-Whitney U test and Wilcoxon signed
rank test were used to compare MRS data between/within groups.

Group differences were examined by ANCOVA controlling for baseline metabo-
lite. p < 0.05 was considered statistically significant. The sample size was calculated
using G*Power software (version 3:1, Heinrich-Heine-University) based on the effect size
(d = 2.0) derived from the Rayen study (power of 0.90 and α = 0.05). We compensated for
20% of the dropouts.

3. Results

Eighteen stroke patients (10 female, 8 male) with a mean age of 60.94 ± 6.92 years
were enrolled. The mean time since stroke onset was 34.28 ± 8.91 weeks. Table 1 shows that
there were no statistical differences between the two study groups in terms of demographic
characteristics, comorbidities, and spasticity level. This study assessed the mean NAA,
Cr, Cho, NAA/Cr, and NAA/Cho between/within the two groups at baseline and after
intervention in M1.
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Table 1. Summary of the Clinical Data.

Study Group

Experimental 1
(n = 9)

Experimental 2
(n = 9)

Total
(n = 18) p-Value

N(%) N(%) N(%)

Gender
Female 3(33.3) 7(77.8) 10(55.6)

0.15 *
Male 6(66.7) 2(22.2) 8(44.4)

Age Mean(SD) 61.8(6.25) 60.0(7.79) 60.9(6.92) 0.57 †

Weeks since stroke Mean(SD) 32.4(4.88) 36.1(11.72) 34.2(8.91) 0.39 †

MMSE Med (range) 30(29,30) 30(29,30) 30(29,30) 0.99 ‡

MMAS Med (range) 2(1,4) 1(1,2) 2(1,4) 0.06 ‡

Comorbidity diseases

Hypertension Yes 4(44.4) 3(33.3) 7(38.9) 0.99 *

Diabetes mellitus Yes 2(22.2) 4(44.4) 6(33.3) 0.62 *

Dyslipidemia Yes 3(33.3) 2(22.2) 5(27.8) 0.99 *

* Fisher’s Exact Test; † Independent T-Test; ‡ Mann-Whitney U.

3.1. Between-Group Comparison

The results showed significantly higher NAA and Cho concentrations in M1 after the
intervention (p = 0.040, p = 0.050 respectively), with large effect sizes for NAA and Cho,
1.41 and 0.93 respectively. Metabolite ratio results showed a non-significant difference in
NAA/Cr and Cho/Cr after intervention (p = 0.113, p = 0.387).

3.2. Comparison within Groups

The result showed significant changes in NAA, Cr, and Cho in group Experimental 2
(p = 0.008), and the concentration of metabolites was increased. In group Experimental 1
there were significant differences in Cr. Cr concentration was decreased (Table 2). For
changes in metabolite ratios, there was a significant difference in NAA/Cr in both groups.
However, changes in Cho/Cr (p = 0.004) were only observed in group Experimental 2
(Figure 4).

Table 2. Differences between baseline and post-intervention of brain metabolites in the M1 between
two groups.

Brain Metabolites Time Mean(SD) p-Value

Experimental 1 Experimental 2 p-value † p-value *

NAA

Baseline 158.4(59.6) 194.1(12.4) 0.43
0.04

Post-intervention 190.9(35.3) 229.2(14.5) 0.04

p-Value 0.08 0.008

Cr

Baseline 166.73(25.21) 135.23(14.60) 0.004
0.04

Post-intervention 146.95(12.15) 152.58(15.15) 0.43

p-Value 0.02 0.008

Cho

Baseline 142.98(23.58) 126.09(23.98) 0.22
0.008

Post-intervention 137.62(20.07) 159.39(26.27) 0.05

p-Value 0.59 0.008

* ANCOVA; † Mann-Whitney U.
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4. Discussion

To our knowledge, this is the first study investigating changes in brain metabolites
after uni-hemispheric concurrent dual-site a-tDCS in chronic stroke patients.

The main findings of the results were significantly higher NAA, Cr, and Cho con-
centration in the M1, in the group single-site a-tDCSM1 compared to a-tDCSM1-DLPFC, as
measured by 1.5 T MR spectroscopy.

Previous literature has investigated bi-hemispheric single-site tDCS in healthy sub-
jects [16,21,22] and children with spastic cerebral palsy (CP) [23,24]. Studies have shown
that a-tDCS increases the levels of NAA and Cho [16,24]. Our study was also consistent
with the previous study, and the group Experimental 2 that received the single-site stimula-
tion had a significant increase in metabolites after the intervention. Hone-Blanchet et al. [16]
showed that the online effect of a single session of a-tDCS on the DLPFC increased the
amount of NAA. Auvichayapat et al. [24] reported an increase in Cr, Cho, and NAA after
tDCS in the basal ganglia of CP patients. N-acetyl aspartate is usually considered a neuronal
marker because it is only found in mature neurons.

Researchers have found an association between low levels of brain NAA concentration
and poor motor function in patients after stroke, and increased levels of NAA were also
predictive of recovery [25]. Glodzik-Sobanska et al. showed that an increase in NAA in
stroke patients was associated with neurological improvement [24]. Perhaps an increase
in NAA after a-tDCS is due to an increase in neuronal excitability leading to long-term
potentiation, such as plasticity. However, the study of metabolites in dual-site stimulation
has not been investigated. Previous fMRI studies have shown that dual-site stimulation
increases corticospinal excitability up to twofold [26,27].

Our results also showed an increase in Cho concentration in both groups, particularly
significant in Experimental group 2. This finding is consistent with Auvichayapat et al. [24]
Cho is a membrane marker and its metabolites play an important role in a variety of
mechanisms, such as maintaining the structural integrity of the cell membrane, methyl
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metabolism, and transmembrane signaling. In this case, choline repletion may affect
neuronal connections and facilitate neuroplasticity in the adult CNS.

The lesser increase of NAA and Cho in the group receiving dual-site a-tDCS of both
the DLPFC and M1 region could be explained by the concept of homeostasis—that is, the
ability of the human brain to regulate changes in synaptic plasticity to avoid drastic changes
in its function. Homeostasis maintains stable function against changes in the activity of
the number and strength of synapses. Homeostatic plasticity is increasingly recognized as
a regulator of neural change within physiological limits [24]. In this context, researchers
emphasize homeostatic plasticity as a tool to prevent the instability of the neural network
that occurs in neurorehabilitation. Thus, dual-site stimulation could not induce further
changes by overshooting the physiological range.

5. Limitations

The limitations of this study should also be noted. Firstly, changes in brain metabolites
were measured only 24 h after the last stimulation session, and at longer follow-up times or
immediately after the intervention. Therefore, we were not able to investigate immediate
and long-term effects. Secondly, a single voxel MRS was used with a 1.5 T MRI, which may
have limited the collection of data from multiple brain regions simultaneously. It could be
suggested that further studies use a multi-voxel 3 or 7 T MRI system to measure stimulation
effects in multiple brain regions, and to investigate other metabolites. Thirdly, the tDCS
intervention consisted of five consecutive days of 20 min tDCS applications, may not be
sufficient to alter brain metabolites. Finally, chronic stroke patients were included in the
current study, so it is suggested that future studies investigate the changes in metabolites
in subacute patients and examine the levels of metabolites in both hemispheres.

6. Conclusions

This study aimed to investigate the effect of adding transcranial direct stimulation
of the DLPFC to M1 stimulation on changes in brain metabolites in the M1 region. The
results showed that there are no significant changes in the amount of brain metabolites
after UHCDS a-tDCSM1-DLPFC compared to a-tDCS M1.
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Abstract: Determining the walking ability of post-stroke patients is crucial for the design of rehabil-
itation programs and the correct functional information to give to patients and their caregivers at
their return home after a neurorehabilitation program. We aimed to assess the convergent validity of
three different walking tests: the Functional Ambulation Category (FAC) test, the 10-m walking test
(10MeWT) and the 6-minute walking test (6MWT). Eighty walking participants with stroke (34 F, age
64.54 ± 13.02 years) were classified according to the FAC score. Gait speed evaluation was performed
with 10MeWT and 6MWT. The cut-off values for FAC and walking tests were calculated using a
receiver-operating characteristic (ROC) curve. Area under the curve (AUC) and Youden’s index were
used to find the cut-off value. Statistical differences were found in all FAC subgroups with respect to
walking speed on short and long distances, and in the Rivermead Mobility Index and Barthel Index.
Mid-level precision (AUC > 0.7; p < 0.05) was detected in the walking speed with respect to FAC
score (III vs. IV and IV vs. V). The confusion matrix and the accuracy analysis showed that the most
sensitive test was the 10MeWT, with cut-off values of 0.59 m/s and 1.02 m/s. Walking speed cut-offs
of 0.59 and 1.02 m/s were assessed with the 10MeWT and can be used in FAC classification in patients
with subacute stroke between the subgroups able to walk with supervision and independently on
uniform and non-uniform surfaces. Moreover, the overlapping walking speed registered with the
two tests, the 10MeWT showed a better accuracy to drive FAC classification.

Keywords: stroke; gait; walking speed; outcome measures; gait disorders; neurologic; correlation
of data
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1. Introduction

Stroke is a cerebrovascular disorder characterized by the sudden onset of clinical signs
and symptoms [1] and represents the second leading cause of death and a major contributor
to disability worldwide [2]. Intracerebral or subarachnoid hemorrhage represent 1/3 of
strokes, whereas cerebral ischemia represents the remaining 2/3. Among ischemic strokes
there are cardioembolic strokes and atherothrombotic strokes, both requiring hospitaliza-
tion in the acute phase and associated with a high mortality risk [3]. Furthermore, the
short-term prognosis of these two types of ischemic stroke is poor compared to that of other
ischemic strokes. About half of stroke survivors experience severe and significant long-term
daily life disability, such as difficulties with eating, bathing, and working, as well as partici-
pating in social activities [4–6]. Motor impairment of the lower limb is common after stroke
and represents the most disabling aspect affecting the autonomy of these patients [7,8].
Indeed, walking dysfunction occurs in more than 80% of stroke survivors [9], resulting in
long-term gait impairment which impacts the stroke survivor’s quality of life [9,10]. To
minimize this, recovery of functional mobility and walking function is a priority of the
rehabilitation programs offered to people after stroke [11]. Given the clinical importance
of walking, a standardized assessment is required [12]. To assess the patient’s abilities,
clinicians use disability assessment scales [13] and residual motor function scales [14].
However, the clinical motor assessment scales available today for post-stroke patients fail
to assess their actual walking ability, and the walking parameters they do assess may not
be truly representative of the patient’s disability status [15]. To assess walking ability, many
different scales, tests and clinical instruments have been proposed. The gold standard
for the investigation of gait impairment is the stereophotogrammetric gait analysis com-
bined with electromyography; the use of force platforms and wearable inertial devices
have also recently become frequently used [15–17]. Despite the possible disadvantages of
using clinical scales or timed tests, they are still measures of first choice among healthcare
professionals. Therefore, while most clinical assessments are still based on these scales, it is
important that they are adequate to quantify the post-stroke patient’s deficit in a simple
but accurate way. Among the clinical scales used, the Functional Ambulation Category
(FAC) is one of the most common and simple tools to be used for people with locomotor
deficit. The FAC scale distinguishes six levels of walking ability based on the amount of
physical support required, with scores ranging from 0 (non-functional ambulation) to 5
(independent ambulation on any surface) [18,19]. This easily allows categorization of a
patient’s level of ambulation and is a familiar scale for many clinicians of different train-
ing. Among the most commonly used timed walking tests, there are the 10-m walking
test (10MeWT) [20] and the 6-minute walking test (6MWT) [21]. In our previous study,
congruency was found between walking speed (measured during 10-m walking test) and
walking capacity (measured by 6-minute walking test), and together, these may be useful
to assess the safety of patients with respect to the risk of repeated falls in the community, at
the point of hospital discharge from a subacute rehabilitation unit [22].

The Functional Ambulation Category and walking tests based on comfortable walking
speed are each valid measures of functional mobility in adults with stroke. Characterized
by a limited number of items and ease of use, FAC results are strongly correlated to walking
speed and endurance, with excellent test-retest reliability and intra-rater reliability among
peer assessors [23]. Despite this, there are some aspects of this scale that deserve a deeper
analysis, especially for patients not requiring physical assistance. In fact, the differences
may be unclear among scores 3 (no need of physical assistance but requiring supervision of
a guarding person for safety and verbal cueing), 4 (independent walking on level surface,
requiring supervision for negotiating stairs and non-level surfaces) and 5 (independent
walking also on stairs and non-level surfaces). Furthermore, the use of these scores could
be prone to subjective interpretation and can be influenced by the level of caution needed
by the therapist and the self-confidence of the patient. Currently, a deep analysis of the
convergent validity between FAC-score and walking tests in subacute stroke is lacking [23].
Convergent validity refers to how closely a score (in our case, the FAC score) is related to
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the results of other tests that measure the same or similar construct (in our case walking
speed measured by 10MeWT and 6MWT). The aim of this study was to evaluate the
convergent validity between the FAC test and the 10MeWT and 6MWT, by assessing the
stratification of the three levels of the FAC scores related to walking ability. We tested
the correlation between the FAC score and gait speed of the two walking tests, finding a
cut-off value helpful to pilot the clinical evaluation of the FAC score in patients able to
walk independently (with or without supervision). This may meet the need of identifying
objective parameters to classify similar patients with the same FAC-score independently
by their walking confidence or by the physiotherapist’s caution. Specific cut-off points
determined by instrumented estimation of walking speed to optimize the convergent
validity of the FAC test with walking tests, could also provide objective criteria to improve
the reliability of clinical assessments of patients. Furthermore, clinicians may wish to
combine the results of these timed tests (10MeWT and 6MWT with the score of the FAC) to
obtain a more objective, combined, multidimensional evaluation tool.

2. Materials and Methods

All individuals admitted with stroke to our hospital between September 2018 and
December 2020 were invited to participate in the study. Inclusion criteria included (1) first-
ever stroke in the sub-acute stage (<180 days from stroke), confirmed with brain imaging
test (Computerized Tomography (CT) or Magnetic Resonance Image (MRI)); (2) age be-
tween 18 to 85 years and (3) ability to walk. Exclusion criteria were: (1) concomitant lower
peripheral motor neuron lesion or orthopedic disease in the lower limbs and (2) presence
of moderate to severe cognitive impairment (assessed through the neuropsychological
evaluation with the Mini-Mental State Examination < 24 [24]). A cross-sectional evaluation
of walking ability was performed using the following tests: FAC, 10MeWT and 6MWT.
Demographic characteristics (i.e., age) and clinical characterization via Barthel Index (BI)
and Rivermead Mobility Index (RMI) were collected. All scales and tests were administered
by an expert clinician with more than ten years of experience in the field of neurorehabilita-
tion. All participants were stratified into three functional groups with respect to the FAC
score obtained (FAC III, IV or V), in which FAC III includes ambulators, dependent on
supervision, FAC IV includes independent ambulators on level surface only and FAC V
includes independent ambulators. After stratification, each patient underwent the 10MeWT
and 6MWT with a pause of ten minutes between two evaluations, with random first test
assignment [25].

The 10MeWT was conducted at a comfortable gait speed, following a verbal start
command when the patient is instructed to walk at a self-selected speed, using whatever
walking aids might be needed, such as a walker or cane. Timing was recorded between 2
and 12 m on a total linear distance of 14 m [20,26,27]. The velocity was calculated as distance
divided by time. For the 6MWT, participants walked unassisted in a hallway for six minutes.
Instructions were scripted as “Walk as fast as comfortable for a period of six minutes. You
are allowed to rest as much as you need, but time will not be stopped”. Distance was
measured at the end of 6 minutes [21,28,29]. Following the participant along the entire
duration of the test, the assessor does not use other words of encouragement to influence
the patients’ walking speed. The protocol was approved by the local independent ethics
committee, and all participants provided written informed consent prior to enrolment.

Statistical Analysis

The statistical analysis was performed using SPSS software (version 25, IBM, Armonk,
CA, USA). All continuous data are summarized here as mean ± standard deviation (SD)
and dichotomous data are reported as percentage. The normal distribution of data for
each parameter was verified using the Kolmogorov–Smirnov test applying the Lilliefors
correction for continuous data distribution [30] and considering as significant level the
highest critical value p = 0.20. All normally distributed data (p > 0.20) were analyzed using
a one-way analysis of variance (one-way ANOVA), while non-normally distributed data
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were analyzed using the Kruskal–Wallis test. The Kruskal–Wallis test for non-parametric
statistics was used to compare the three subgroups (FAC III; IV; V) in terms of their clinical
scores. All results with p value < 0.05 were considered significant and investigated with a
post-hoc analysis. For the post-hoc analysis has been choosing the Bonferroni correction
for multiple comparisons, (with a level of significance of p < 0.0166) and the Dwass–
Steel–Critchlow–Fligner (DSCF) test for parametric and non-parametric data respectively.
Pearson and Spearman correlation analyses were performed on walking speed tests and
FAC scores for parametric and non-parametric data respectively. The value of correlation
coefficient was categorized as: negligible, from 0 to 0.3; low, from 0.3 to 0.5; moderate,
from 0.5 to 0.7; high, from 0.7 to 0.9 and very high from 0.9 to 1, according to Cohen
(1988) [31]. Following the correlations, a receiver-operating characteristic (ROC) analysis
was conducted on gait speed and FAC. We reported the area under the curve (AUC) and
its p value. We classified the AUC as follows: 0.5 < AUC ≤ 0.7 indicates lower precision,
0.7< AUC ≤ 0.9 indicates mid-level precision, 0.9 < AUC < 1 indicates high precision, and
AUC = 1 indicates complete test [32]. The cut-off values for walking features with respect
to the FAC score were calculated using a receiver-operating characteristic (ROC). The
Youden’s index (J) was used to identify the best discriminatory cut-off value in the curve’
coordinates via the following formula:

J = Sensitivity + Specificity − 1 (1)

After the cut-off definition, all data were analyzed with a contingency table. The accu-
racy (ACC) was calculated to reflect predictiveness. The Matthew’s correlation coefficient
(MCC) was used to obtain both (negative and positive) prediction values. ACC and MCC
were respectively calculated as follows:

ACC = (Tp + Tn)/(Tp + Tn + Fp + Fn) (2)

MMC = [(TpxTn) − (Fp*Fn)]/
√

[(Tp + Fp)(Tp + Fn)(Tn + Fp)(Tn + Fn)], (3)

where Tp are the true positive results; Tn are the true negative results; Fp are the false
positive results and Fn are the false negative results.

3. Results

Eighty sub-acute stroke patients were recruited (age: 64.54 ± 13.02 years; 42.5%
women; 80.06 ± 35.97 days from stroke [ranged from 19 to 180 days]; 50 with ischemic
stroke [70% PACS; 14% TACS; 10% POCS; 6% LACS]) (complete demographic characteris-
tics of the sample and the subgroups are available in Table 1). The Kolmogorov–Smirnov
test showed a non-normal distribution for all variables except for age [0.07; df = 79; p > 0.20].
Following the distribution analysis result, the Kruskal–Wallis test was used to investigate
the differences between the FAC subgroups (III vs. IV; IV vs. V; and III vs. V). Statistical
analysis showed significant differences existed between each of the administered clinical
tests across these three subgroups. These differences underline that the FAC score is related
to other clinical scores as well as walking speed. In contrast, no statistical differences
between FAC subgroups were observed in the demographic and baseline clinical character-
istics, age, gender, lesion side, and stroke type (hemorrhagic or ischemic), which confirms
overlapping in these characteristics among the three subgroups of study. Consequently,
homogeneity across FAC subgroups indicates that these variables did not have an impact
on FAC grouping. In contrast, the post-hoc analysis via DSCF test revealed a significant
difference between each subgroup of FAC with respect to Barthel Index and RMI, but not
in terms of stroke onset. With the latter, only the FAC III subgroup statistically differed
with respect to the other subgroups of FAC IV and V.
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Table 1. Demographic characteristics.

Total Sample FAC III FAC IV FAC V

Sample (n) 80 24 35 21
Male/Female (n) 46/34 11/13 21/14 14/7

Age (years) a 64.54 ± 13.02 66.13 ± 13.36 65.03 ±12.85 61.95 ± 13.2
Isch./hemor. (n) 50/30 18/6 19/16 13/8

Side: Right/Left (n) b 43/37 14/10 15/20 14/7
Onset a 80.06 ± 35.97 108.05 ± 45.05 ** 71.32 ± 23.96 * 62.55 ± 19.92 *

Barthel Index a 86.7 ± 18.19 70.29 ± 19.82 ** 91.51 ± 14.43 ** 97.95 ± 3.73 **
RMI a 10.57 ± 3.7 6.74 ± 3.16 ** 11.57 ± 2.58 ** 13.19 ± 1.57 **
FAC a 3.96 ± 0.75 3 4 5

10MeWT (s) a / 35.46 ± 27.85 ** 15.94 ± 10.43 ** 9.87 ± 2.82 **
10MeWT speed (m/s) a / 0.45 ± 0.28 ** 0.79 ± 0.31 ** 1.08 ± 0.27 **

6MWT (m)a / 160.71 ± 101.81 ** 284.35 ± 110.57 ** 367.24 ± 83.41 **
6MWT speed (m/s) a / 0.45 ± 0.28 ** 0.79 ± 0.31 ** 1.02 ± 0.23 **

Abbreviations: n, number; SD, standard deviation; FAC, Functional Ambulation Category; RMI, Rivermead
Mobility Index. * Statistically significant with only one subgroup (IV vs. III and V vs. III specifically);
** Statistically significant respect to the other two subgroups; a result expressed as mean ± standard devia-
tion; b affected hemisphere.

3.1. Correlation Analysis

Non-parametric Spearman (rs) correlation analysis was used to investigate the nature
of the relationship between two variables. The correlation analysis showed a significant
moderately positive correlation between the FAC score and the walking speed assessed with
the administration of the 10MeWT and the 6MWT (rs = 0.67, p < 0.001; rs = 0.59, p < 0.001
respectively). Furthermore, a high correlation was shown between the walking speed and
the two tests (rs = 0.927, p < 0.001) (Figure 1). No other statistically significant correlations
were found between walking speed and FAC score with respect to the demographic
characteristics, confirming the trend observed in the statistical comparison of averages.
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3.2. Receiving Operating Curve and Cut-Off Value

ROC analysis showed a mid-level precision (AUC > 0.70) with statistical significance
(p < 0.05) in all comparisons of the FAC scores with respect to the walking speed (Figure 2A–
D and Table 2).
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Table 2. Results of convergent validity analysis of walking speed tests with respect to functional
walking levels of FAC.

Cut-Off AUC p-Value Sensitivity Specificity ACC MCC

FAC III vs. FAC IV
10MeWT (m/s) 0.59 0.79 <0.001 0.89 0.34 0.75 0.54
6MWT (m/s) 0.66 0.76 <0.001 0.63 0.11 0.74 0.52

FAC IV vs. FAC V
10MeWT (s); ws (m/s) 9.76; 1.02 0.79 <0.001 0.85 0.41 0.76 0.46
6MWT (m); ws (m/s) 216; 0.6 0.72 0.004 1 0.63 0.58 0.40

Abbreviations: 10MeWT, 10-m walking test; 6MWT, six minutes walking test; FAC, Functional Ambulation
Category; ACC, Accuracy; MCC, Matthew’s correlation coefficient; m/s, meters per second.
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Despite the mid-level precision in the capacity of both walking speed tests to detect
a change in the FAC level, the accuracy was smaller for the 6MWT than for the 10MeWT.
Furthermore, the accuracy of the 6MWT is greater between FAC III and FAC IV, than it
is between FAC IV and FAC V (0.58); however, the accuracy for the 6MWT is lower than
the 10MeWT in both comparisons. This finding was confirmed both in positive direction,
and in bidirectional prediction (positive-negative) as indicated by a lowest value of the
Matthew’s correlation coefficient (MCC) (0.40). All results and the cut-off values identified
via Youden’s index are reported in Table 2.

3.3. Ischemic vs. Hemorrhagic

Investigating clinical data, comparing the hemorrhagic and clinical subgroups, we did
not find any statistical difference. However, the walking speed analysis shows a different
trend between the two subgroups and has been investigated with Wilcoxon rank-sum test
for unpaired samples. Post-hoc analysis revealed a statistical difference in walking speed
in both tests (10MeWT and 6MWT), exclusively in the subgroup of patients in the FAC V
subgroup. Specifically, among patients able to walk independently, those who suffered
a hemorrhagic stroke had a higher speed for both short and long distances compared to
patients with ischemic stroke (all data are available in Table 3).

Table 3. Clinical difference between ischemic and hemorrhagic subgroups. We report statistical
significant values as marked with an asterisk (*) for p ≤ 0.05.

Ischemic (50) Hemorrhagic (30) p-Value

Male/Female (n) 31/19 15/15
Age (years) a 65.98 ± 12.58 62.13 ± 13.60 0.20

Onset (days) a 81.12 ± 40.28 78.42 ± 28.80 0.76
Barthel Index a 84.5 ± 20.61 90.37 ± 12.72 0.16

RMI a 10.24 ± 3.9 11.1 ± 2.78 0.30
FAC a 3.9 ± 0.78 4.06 ± 0.69 0.34

10MeWT ws a 0.72 ± 0.38 0.87 ± 0.36 0.07
6MWT ws a 0.69 ± 0.35 0.85 ± 0.34 0.06

Post-hoc analysis

FAC III 10MeWT ws a 0.43 ± 0.31 0.51 ± 0.17 0.55
FAC III 6MWT ws a 0.42 ± 0.30 0.51 ± 0.19 0.51

FAC IV 10MeWT ws a 0.78 ± 0.33 0.81 ± 0.30 0.77
FAC IV 6MWT ws a 0.77 ± 0.31 0.80 ± 0.30 0.78

FAC V 10MeWT ws a 1.00 ± 0.25 1.24 ± 0.21 0.04 *
FAC V 6MWT ws a 0.93 ± 0.18 1.17 ± 0.20 0.01 *

Abbreviations: 10MeWT, 10-m walking test; 6MWT, six minutes walking test; RMI, Rivermead Mobility Index;
FAC, Functional Ambulation Category; ws, walking speed; a result expressed as mean ± standard deviation.

4. Discussion

The present study aimed to investigate the convergent validity of two walking speed
tests with FAC evaluation. The two-timed walking tests were highly correlated with
each other, and moderately correlated with FAC scores. Despite these highly significant
correlations, and the fact that the three FAC levels divides patients into three groups,
each group walking with significantly different average walking speeds, there was an
overlap among FAC scores in terms of walking speeds. The objective of our analysis was
to identify the best cut-off values, by optimizing the clustering of subjects by their FAC
scores. In fact, when the participants were grouped based on their FAC score, we found
very similar values of walking speed between the two tests, except for subjects classified
in the FAC V group. In fact, despite substantially overlapping AUC values, the accuracy
and the positive-negative prediction revealed that the walking speed over a short distance
(ten meters) is more sensitive to detect bidirectional classification in the FAC IV and V
subgroup compared to the walking speed over a longer distance. These subjects, being the
most independent, can maintain their speed for six minutes as confirmed by mean speed;
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therefore, the incongruence in the cut-off value revealed an unsatisfactory bidirectional
accuracy. Moreover, these two subgroups (FAC IV and V) can walk independently in
a relatively short time after their stroke, especially compared to the FAC III subgroup.
This information can be useful because it unmasks information that is not apparent from
only comparing walking speeds over long distances. One possible explanation for the
reduced accuracy level of the long-distance walking speed is that the results depend
on the subject functional characteristics. The 6MWT was originally used to evaluate
cardiopulmonary capacity [33], and later used in neurorehabilitation to assess walking
capacity. As demonstrated in a previous work, subjects affected by subacute stroke may
manage long-distance walking using various methods [34]. In fact, walking after stroke is
demanding in terms of energy expenditure, even for less-affected subjects [34,35]. Some
patients decrease velocity, especially in the second half of the test, to manage the latero-
lateral oscillations of their trunk, while others maintain a stable velocity, accepting an
increment of the trunk oscillation [36,37]. However, the latter motor behavior, while it
leads to a higher walking capacity, is more correlated with the risk of falls. In a previous
study, this incongruence in long-distance walking and the higher risk of fall was noted [22].
Notwithstanding, gait speed is fundamental in the prognosis of community ambulation
outcomes among inpatients discharged from stroke rehabilitation care [38]. Our results
suggest that these are not the only parameters that impact walking ability when assessed
over long distances.

In summary, in the 10MeWT we found useful cut-off values (0.59 m/s and 1.02 m/s)
with a good bidirectional predictive value with respect to all FAC subgroups considered.
This positive convergent validity can support the gait evaluation of subacute patients,
especially in the differentiation between the higher level of walking performance. In line
with this observation, both FAC score and speed on the short distance are predictors of fall
risk [39,40].

However, it should be reported that the patients able to walk everywhere indepen-
dently (allocated in the FAC V subgroup) were highly heterogeneous and there was a
statistical difference in walking speed between the etiopathogenesis of stroke (ischemic vs.
hemorrhagic). Patients with hemorrhagic stroke with the maximum score of FAC showed
a high average speed in both tests compared to subjects with ischemic stroke in the same
FAC subgroup, notwithstanding an overlap in other clinical and demographics variables.
This observation is reported previously in the literature, where hemorrhagic stroke showed
a greater improvement in gait skills, and specifically in walking speed [41].

In the literature, walking measurements (functional walk distances and self-paced
speed) were correlated with balance function, stroke specifics and global impairment
score [42]. Our results are important because they add knowledge to the use of the short
distance walking velocity tests in a specific pathological population, and because they
are the most simple, inexpensive, and commonly used tests. A large body of literature
agrees with the fact that a reduced walking speed is generally correlated to a major risk for
disability, cognitive impairment, institutionalization, falls and mortality [43].

In summary, walking ability is fundamental for the patient’s social participation when
returning home after hospital and its assessment with simple scales and tests is important.
Our data support the use of the FAC test and the 10MeWT especially in high level walking
patients in the subacute phase of stroke, before social reintegration to potentially reduce
their risk of falls.

4.1. Limitations

Our results are not generalizable to all stroke populations; in fact, the subacute phase
of stroke differs from the chronic phase and is characterized as those without a stable
functional status, with basic motor intentions and actual motor actions that are slightly
misaligned. This complex relationship calls into question the locomotor body schema
and its potential and necessary neuroplasticity modification during the recovery after
stroke [44]. Present conclusions are based on collapsed data of hemorrhagic and ischemic
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stroke, albeit reproducing the distribution of pathogenesis of stroke [45] as in the general
population. However, the recovery patterns are somewhat different (i.e., in walking speed).
In the present study, the limited number of patients included in the subgroups (ischemic
and hemorrhagic) did not allow for separated ROC analysis based on FAC scores and
walking speed. Moreover, all scales and tests were assessed by only one clinician; thus,
inter-rater reliability of the FAC test could not be calculated. However, there are reports
in the literature that the FAC scale has good inter-rater reliability (κ = 0.72) [46]. This
could have mitigated possible errors resulting from lack of agreement between multiple
raters. Despite this, to confirm the current deductions, future studies should consider the
above-mentioned limitations.

4.2. Future Perspective

Instrumental evaluation of walking speed would be useful to investigate the con-
vergent validity with FAC test in future research. Specifically, the use of cutting-edge
technologies would support investigators in a more accurate quantification of cut-off val-
ues which can be used in clinical practice [47–49]. Moreover, the correlation between
instrumented walking speed cut-offs and other clinical scales (i.e., Fugl–Meyer Assessment
scale, Berg Balance scale, National Institute of Health Stroke scale) will provide additional
information about the involvement of motor, sensory, and joint functions and gait balance
skills. Additionally, inter-rater reliability could be provided to evaluate the potential for
bias in administration. Finally, stratification on a larger sample could reveal different
characteristics about gait performance and more precise cut-off values. In particular, the
differentiation between ischemic and haemorrhagic stroke and between lacunar and non-
lacunar ischemic stroke can provide new insight about the correlation of pathophysiology
and clinical gait features in these populations. This differentiation is important given the
different clinical features reported for lacunar and non-lacunar stroke [50,51].

5. Conclusions

The evaluation of walking velocity is crucial in the routine assessment of functional sta-
tus of patients following subacute stroke, and in designing personalized neurorehabilitation
programs to improve post-discharge outcomes. From this investigation we found a good
convergent validity between 10MeWT and FAC test scores, with a clear cut-off in terms of
walking speed (0.59 and 1.02 m/s). The assessment on this short distance can be used to
drive the attribution of the highest level of FAC score. In contrast, the convergent validity
was lower between FAC score and the walking speed assessed over a long distance than in
the 6MWT for FAC IV and V subgroups. This information suggests that it is necessary to
carefully investigate patients with high functional levels over long distances, especially in
the hemorrhagic stroke subgroup, who show a higher average speed compared to ischemic
patients. Moreover, FAC IV and V subgroups start to walk independently about at the
same time following stroke, making it more difficult to use the onset variable to drive their
allocation. The assessment of walking autonomy using the FAC test is fundamental to
describe the independency of patient; however, when there are some doubts about the FAC
score, clinicians could evaluate the timed assessment of walking speed on a short linear
distance (such as by the 10MeWT) to differentiate the gait level of the patient.

Author Contributions: Conceptualization, A.M.C. and G.M.; methodology, A.M.C. and M.I.; investi-
gation, G.M.; data curation, S.M.; data analysis, A.M.C.; writing—original draft preparation, A.M.C.,
D.D.B. and E.L.; writing—review and editing, all authors; supervision, G.M.; project administration,
G.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Local Independent Ethics
Committee of IRCCS Santa Lucia Foundation (Rome, Italy) (protocol number: CE/PROG.819).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

36



Brain Sci. 2023, 13, 1089

Data Availability Statement: The data that support the findings of this study are available on request
to the corresponding author.

Acknowledgments: The authors would like to thank all patients and their family and caregivers.

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

References
1. Bushnell, C.; Bettger, J.P.; Cockroft, K.M.; Cramer, S.C.; Edelen, M.O.; Hanley, D.; Yenokyan, G. Chronic stroke outcome measures

for motor function intervention trials: Expert panel recommendations. Circ. Cardiovasc. Qual. Outcomes 2015, 8 (Suppl. S3),
S163–S169. [CrossRef] [PubMed]

2. Kuriakose, D.; Xiao, Z. Pathophysiology and treatment of stroke: Present status and future perspectives. Int. J. Mol. Sci. 2020,
21, 7609. [CrossRef] [PubMed]

3. Mendis, S. Stroke disability and rehabilitation of stroke: World Health Organization perspective. Int. J. Stroke 2013, 8, 3–4.
[CrossRef]

4. Pollock, A.; Baer, G.; Campbell, P.; Choo, P.L.; Forster, A.; Morris, J.; Pomeroy, V.M.; Langhorne, P. Physical rehabilitation
approaches for the recovery of function and mobility following stroke. Cochrane Database Syst. Rev. 2014, 4, CD001920.

5. De Bartolo, D.; Morone, G.; Lupo, A.; Aloise, F.; Baricich, A.; Di Francesco, D.; Iosa, M. From paper to informatics: The Post Soft
Care-App, an easy-to-use and fast tool to help therapists identify unmet needs in stroke patients. Funct. Neurol. 2018, 33, 200–205.
[PubMed]

6. Kollen, B.; Van De Port, I.; Lindeman, E.; Twisk, J.; Kwakkel, G. Predicting improvement in gait after stroke: A longitudinal
prospective study. Stroke 2005, 36, 2676–2680. [CrossRef]

7. Mohan, D.M.; Khandoker, A.H.; Wasti, S.A.; Ismail Ibrahim Ismail Alali, S.; Jelinek, H.F.; Khalaf, K. Assessment Methods of
Post-stroke Gait: A Scoping Review of Technology-Driven Approaches to Gait Characterization and Analysis. Front. Neurol. 2021,
12, 650024. [CrossRef]

8. Duncan, P.W.; Zorowitz, R.; Bates, B.; Choi, J.Y.; Glasberg, J.J.; Graham, G.D.; Katz, R.C.; Lamberty, K.; Reker, D. Management of
Adult Stroke Rehabilitation Care: A clinical practice guideline. Stroke 2005, 36, e100–e143. [CrossRef]

9. Dimyan, M.A.; Cohen, L.G. Neuroplasticity in the context of motor rehabilitation after stroke. Nat. Rev. Neurol. 2011, 7, 76–85.
[CrossRef]

10. Martino Cinnera, A.; Bonnì, S.; Pellicciari, M.C.; Giorgi, F.; Caltagirone, C.; Koch, G. Health-related quality of life (HRQoL) after
stroke: Positive relationship between lower extremity and balance recovery. Top. Stroke Rehabil. 2020, 27, 534–540. [CrossRef]

11. Schindl, M.R.; Forstner, C.; Kern, H.; Zipko, H.T.; Rupp, M.; Zifko, U.A. Evaluation of a German version of the Rivermead
Mobility Index (RMI) in acute and chronic stroke patients. Eur. J. Neurol. 2000, 7, 523–528. [CrossRef]

12. Van Bloemendaal, M.; Bout, W.; Bus, S.A.; Nollet, F.; Geurts, A.C.; Beelen, A. Validity and reproducibility of the Functional Gait
Assessment in persons after stroke. Clin. Rehabil. 2019, 33, 94–103. [CrossRef]

13. Ohura, T.; Hase, K.; Nakajima, Y.; Nakayama, T. Validity and reliability of a performance evaluation tool based on the modified
Barthel Index for stroke patients. BMC Med. Res. Methodol. 2017, 17, 131. [CrossRef]

14. Lim, J.Y.; An, S.H.; Park, D.S. Walking velocity and modified rivermead mobility index as discriminatory measures for functional
ambulation classification of chronic stroke patients. Hong Kong Physiother. J. 2019, 39, 125–132. [CrossRef]

15. De Bartolo, D.; Belluscio, V.; Vannozzi, G.; Morone, G.; Antonucci, G.; Giordani, G.; Santucci, S.; Resta, F.; Marinozzi, F.; Bini, F.;
et al. Sensorized Assessment of Dynamic Locomotor Imagery in People with Stroke and Healthy Subjects. Sensors 2020, 20, 4545.
[CrossRef]

16. Caldas, R.; Mundt, M.; Potthast, W.; de Lima Neto, F.B.; Markert, B. A systematic review of gait analysis methods based on inertial
sensors and adaptive algorithms. Gait Posture 2017, 57, 204–210. [CrossRef]

17. Picerno, P.; Iosa, M.; D’Souza, C.; Benedetti, M.G.; Paolucci, S.; Morone, G. Wearable inertial sensors for human movement
analysis: A five-year update. Expert Rev. Med. Devices 2021, 18 (Suppl. S1), 79–94. [CrossRef]

18. Wade, D.T. Measurement in neurological rehabilitation. Curr. Opin. Neurol. Neurosurg. 1992, 5, 682–686.
19. Price, R.; Choy, N.L. Investigating the relationship of the functional gait assessment to spatiotemporal parameters of gait and

quality of life in individuals with stroke. J. Geriatr. Phys. Ther. 2019, 42, 256–264. [CrossRef]
20. Collen, F.M.; Wade, D.T.; Bradshaw, C.M. Mobility after stroke: Reliability of measures of impairment and disability. Int. Disabil.

Stud. 1990, 12, 6–9. [CrossRef]
21. Butland, R.J.; Pang, J.; Gross, E.R.; Woodcock, A.A.; Geddes, D.M. Two-, six-, and 12-minute walking tests in respiratory disease.

Br. Med. J. (Clin. Res. Ed.) 1982, 284, 1607. [CrossRef] [PubMed]
22. Morone, G.; Iosa, M.; Pratesi, L.; Paolucci, S. Can overestimation of walking ability increase the risk of falls in people in the

subacute stage after stroke on their return home? Gait Posture 2014, 39, 965–970. [CrossRef] [PubMed]
23. Mehrholz, J.; Wagner, K.; Rutte, K.; Meiβner, D.; Pohl, M. Predictive validity and responsiveness of the functional ambulation

category in hemiparetic patients after stroke. Arch. Phys. Med. Rehabil. 2007, 88, 1314–1319. [CrossRef] [PubMed]
24. Tombaugh, T.N.; McIntyre, N.J. The mini-mental state examination: A comprehensive review. J. Am. Geriatr. Soc. 1992, 40,

922–935. [CrossRef] [PubMed]

37



Brain Sci. 2023, 13, 1089

25. Matos Casano, H.A.; Anjum, F. Six-Minute Walk Test. 2023 April 27. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2023; PMID: 35015445.

26. Middleton, A.; Fritz, S.L.; Lusardi, M. Walking speed: The functional vital sign. J. Aging Phys. Act. 2015, 23, 314–322. [CrossRef]
27. Lindholm, B.; Nilsson, M.H.; Hansson, O.; Hagell, P. The clinical significance of 10-m walk test standardizations in Parkinson’s

disease. J. Neurol. 2018, 265, 1829–1835. [CrossRef]
28. Regan, E.; Middleton, A.; Stewart, J.C.; Wilcox, S.; Pearson, J.L.; Fritz, S. The six-minute walk test as a fall risk screening tool in

community programs for persons with stroke: A cross-sectional analysis. Top. Stroke Rehabil. 2020, 27, 118–126. [CrossRef]
29. Dunn, A.; Marsden, D.L.; Nugent, E.; Van Vliet, P.; Spratt, N.J.; Attia, J.; Callister, R. Protocol variations and six-minute walk test

performance in stroke survivors: A systematic review with meta-analysis. Stroke Res. Treat. 2015, 2015, 484813. [CrossRef]
30. Lilliefors, H.W. On the Kolmogorov-Smirnov test for normality with mean and variance unknown. J. Am. Stat. Assoc. 1967, 62,

399–402. [CrossRef]
31. Cohen, J. Set correlation and contingency tables. Appl. Psychol. Meas. 1988, 12, 425–434. [CrossRef]
32. Greiner, M.; Pfeiffer, D.; Smith, R.D. Principles and practical application of the receiver-operating characteristic analysis for

diagnostic tests. Prev. Vet. Med. 2000, 45, 23–41. [CrossRef]
33. Hamilton, D.M.; Haennel, R.G. Validity and reliability of the 6-minute walk test in a cardiac rehabilitation population. J.

Cardiopulm. Rehabil. Prev. 2000, 20, 156–164. [CrossRef]
34. Lefeber, N.; De Buyzer, S.; Dassen, N.; De Keersmaecker, E.; Kerckhofs, E.; Swinnen, E. Energy consumption and cost during

walking with different modalities of assistance after stroke: A systematic review and meta-analysis. Disabil. Rehabil. 2020, 42,
1650–1666. [CrossRef]

35. Delussu, A.S.; Morone, G.; Iosa, M.; Bragoni, M.; Traballesi, M.; Paolucci, S. Physiological responses and energy cost of walking on
the Gait Trainer with and without body weight support in subacute stroke patients. J. Neuroeng. Rehabil. 2014, 11, 54. [CrossRef]

36. Kołcz, A.; Urbacka-Josek, J.; Kowal, M.; Dymarek, R.; Paprocka-Borowicz, M. Evaluation of postural stability and transverse
abdominal muscle activity in overweight post-stroke patients: A prospective, observational study. Diabetes Metab. Syndr. Obes.
Targets Ther. 2020, 13, 451. [CrossRef]

37. Iosa, M.; Morone, G.; Fusco, A.; Pratesi, L.; Bragoni, M.; Coiro, P.; Multari, M.; Venturiero, V.; De Angelis, D.; Paolucci, S. Effects of
walking endurance reduction on gait stability in patients with stroke. Stroke Res. Treat. 2012, 2012, 810415. [CrossRef]

38. Mulder, M.; Nijland, R.H.; van de Port, I.G.; van Wegen, E.E.; Kwakkel, G. Prospectively classifying community walkers after
stroke: Who are they? Arch. Phys. Med. Rehabil. 2019, 100, 2113–2118. [CrossRef]

39. Morone, G.; Martino Cinnera, A.; Paolucci, T.; Beatriz, H.D.R.; Paolucci, S.; Iosa, M. Clinical features of fallers among inpatient
subacute stroke: An observational cohort study. Neurol. Sci. 2020, 41, 2599–2604. [CrossRef]

40. Persson, C.U.; Hansson, P.O.; Sunnerhagen, K.S. Clinical tests performed in acute stroke identify the risk of falling during the first
year: Postural stroke study in Gothenburg (POSTGOT). J. Rehabil. Med. 2011, 43, 348–353. [CrossRef]

41. Obembe, A.O.; Olaogun, M.O.B.; Adedoyin, R.A. Differences in gait between haemorrhagic and ischaemic stroke survivors. J.
Med. Med. Sci. 2012, 3, 556–561.

42. Eng, J.J.; Chu, K.S.; Dawson, A.S.; Kim, C.M.; Hepburn, K.E. Functional walk tests in individuals with stroke: Relation to
perceived exertion and myocardial exertion. Stroke 2002, 33, 756–761. [CrossRef] [PubMed]

43. Liu, B.; Hu, X.; Zhang, Q.; Fan, Y.; Li, J.; Zou, R.; Zhang, M.; Wang, X.; Wang, J. Usual walking speed and all-cause mortality risk
in older people: A systematic review and meta-analysis. Gait Posture 2016, 44, 172–177. [CrossRef] [PubMed]

44. Cramer, S.C.; Sur, M.; Dobkin, B.H.; O’Brien, C.; Sanger, T.D.; Trojanowski, J.Q.; Vinogradov, S. Harnessing neuroplasticity for
clinical applications. Brain 2011, 134, 1591–1609. [CrossRef] [PubMed]

45. Cassel, C.K.; Ek, K. Demography and epidemiology of age-associated neuronal impairment. In Functional Neurobiology of Aging;
Academic Press: Cambridge, MA, USA, 2001; pp. 31–50.

46. Holden, M.K.; Gill, K.M.; Magliozzi, M.R.; Nathan, J.; Piehl-Baker, L. Clinical gait assessment in the neurologically impaired
Reliability and meaningfulness. Phys Ther. 1984, 64, 35–40. [CrossRef]

47. Walsh, K.B. Non-invasive sensor technology for prehospital stroke diagnosis: Current status and future directions. Int. J. Stroke
2019, 14, 592–602. [CrossRef]

48. Verna, V.; De Bartolo, D.; Iosa, M.; Fadda, L.; Pinto, G.; Caltagirone, C.; De Angelis, S.; Tramontano, M. Te.M.P.O., an app for using
temporal musical mismatch in post-stroke neurorehabilitation: A preliminary randomized con-trolled study. NeuroRehabilitation
2020, 47, 201–208. [CrossRef]

49. De Bartolo, D.; D’amico, I.; Iosa, M.; Aloise, F.; Morone, G.; Marinozzi, F.; Bini, F.; Paolucci, S.; Spadini, E. Validation of SuPerSense,
a Sensorized Surface for the Evaluation of Posture Perception in Supine Position. Sensors 2023, 23, 424. [CrossRef]

50. Jiang, S.; Wu, S.; Zhang, S.; Wu, B. Advances in understanding the pathogenesis of lacunar stroke: From pathology and
pathophysiology to neuroimaging. Cerebrovasc. Dis. 2021, 50, 588–596. [CrossRef]

51. Rudilosso, S.; Rodríguez-Vázquez, A.; Urra, X.; Arboix, A. The potential impact of neuroimaging and translational research on
the clinical management of lacunar stroke. Int. J. Mol. Sci. 2022, 23, 1497. [CrossRef]

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

38



Citation: Chilvers, M.J.; Rajashekar,

D.; Low, T.A.; Scott, S.H.; Dukelow,

S.P. Clinical, Neuroimaging and

Robotic Measures Predict Long-Term

Proprioceptive Impairments following

Stroke. Brain Sci. 2023, 13, 953.

https://doi.org/10.3390/

brainsci13060953

Academic Editors: Noureddin

Nakhostin Ansari, Gholamreza

Hassanzadeh and Ardalan Shariat

Received: 14 May 2023

Revised: 4 June 2023

Accepted: 13 June 2023

Published: 15 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

brain
sciences

Article

Clinical, Neuroimaging and Robotic Measures Predict
Long-Term Proprioceptive Impairments following Stroke
Matthew J. Chilvers 1,2 , Deepthi Rajashekar 1,2, Trevor A. Low 1,2 , Stephen H. Scott 3,4,5

and Sean P. Dukelow 1,2,*

1 Department of Clinical Neurosciences, Cumming School of Medicine, University of Calgary, 3330 Hospital
Drive NW, Calgary, AB T2N 4N1, Canada; matthew.chilvers@ucalgary.ca (M.J.C.);
deepthi.rajasheka1@ucalgary.ca (D.R.); talow@ucalgary.ca (T.A.L.)

2 Hotchkiss Brain Institute, University of Calgary, 3330 Hospital Drive NW, Calgary, AB T2N 4N1, Canada
3 Department of Biomedical and Molecular Sciences, Queens University, Kingston, ON K7L 3N6, Canada;

steve.scott@queensu.ca
4 Centre for Neuroscience Studies, Queens University, Kingston, ON K7L 3N6, Canada
5 Providence Care Hospital, Kingston, ON K7L 3N6, Canada
* Correspondence: spdukelo@ucalgary.ca; Tel.: +1-403-944-5930

Abstract: Proprioceptive impairments occur in ~50% of stroke survivors, with 20–40% still impaired
six months post-stroke. Early identification of those likely to have persistent impairments is key
to personalizing rehabilitation strategies and reducing long-term proprioceptive impairments. In
this study, clinical, neuroimaging and robotic measures were used to predict proprioceptive impair-
ments at six months post-stroke on a robotic assessment of proprioception. Clinical assessments,
neuroimaging, and a robotic arm position matching (APM) task were performed for 133 stroke
participants two weeks post-stroke (12.4 ± 8.4 days). The APM task was also performed six months
post-stroke (191.2 ± 18.0 days). Robotics allow more precise measurements of proprioception than
clinical assessments. Consequently, an overall APM Task Score was used as ground truth to classify
proprioceptive impairments at six months post-stroke. Other APM performance parameters from the
two-week assessment were used as predictive features. Clinical assessments included the Thumb
Localisation Test (TLT), Behavioural Inattention Test (BIT), Functional Independence Measure (FIM)
and demographic information (age, sex and affected arm). Logistic regression classifiers were trained
to predict proprioceptive impairments at six months post-stroke using data collected two weeks
post-stroke. Models containing robotic features, either alone or in conjunction with clinical and
neuroimaging features, had a greater area under the curve (AUC) and lower Akaike Information
Criterion (AIC) than models which only contained clinical or neuroimaging features. All models
performed similarly with regard to accuracy and F1-score (>70% accuracy). Robotic features were
also among the most important when all features were combined into a single model. Predicting
long-term proprioceptive impairments, using data collected as early as two weeks post-stroke, is
feasible. Identifying those at risk of long-term impairments is an important step towards improving
proprioceptive rehabilitation after a stroke.

Keywords: proprioception; stroke; prediction; robotics; modeling; stroke recovery; stroke outcomes

1. Introduction
1.1. Proprioception and Its Importance after Stroke

Proprioception, described by Sir Charles Sherrington [1], refers to the sense of limb
position and movement, originating from receptors within the muscles and joints them-
selves [2]. The proprioceptive sense is important in allowing us to move our limbs freely in
space and interact with our surroundings. Following stroke, proprioceptive impairments
are common, typically observed in approximately 50% of stroke survivors [3,4]. Propri-
oceptive impairments have been associated with a reduced ability to perform activities
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of daily living (ADLs) post-stroke, independent of motor deficits [5–8]. Mitigating these
impairments can be important for restoring independent quality of life. Recent studies
assessing proprioception using robotic technology have, however, demonstrated that im-
pairments are still apparent in 20–40% of stroke survivors six-months after stroke [9,10].
This is not necessarily surprising considering that evidence-based interventions for treating
proprioception post-stroke are lacking (for an in-depth review, see [11,12]). Unfortunately,
little is often done clinically to target proprioceptive recovery, and more than half of thera-
pists believe that current treatments for somatosensory impairment are ineffective, lacking
confidence in their ability to treat somatosensory deficits [13]. Early identification of indi-
viduals at high-risk of suffering chronic proprioceptive impairments is an important step
towards personalized approaches to rehabilitation. Doing so would highlight those who
would benefit from rehabilitation with some focus on restoring proprioception.

1.2. Predictors of Proprioceptive Impairment

Within stroke centres, clinical assessments and neuroimaging are a standard compo-
nent of patient care, and thus are readily available for use in predicting patient outcomes.
Previous literature has assessed the relationship of many clinical and neuroimaging mea-
sures with assessments of proprioception in the subacute stage post-stroke [7,14–18]. In par-
ticular, clinical measures of attention and activities of daily living, such as the Behavioural
Inattention Test (BIT) and Functional Independence Measure (FIM), have been closely asso-
ciated with measures of proprioception [7,14–18]. Furthermore, studies have investigated
the relationship between neuroimaging measures, such as lesion volume and region-specific
damage, and robotic assessments of proprioception [10,16,19–22]. Greater lesion volume
has been linked with a worse proprioceptive performance post-stroke [16,19–21], while
additional studies have used voxel-based lesion-symptom mapping (VLSM) to assess the
statistical relationships between lesioned brain regions and proprioceptive performance
after stroke [10,20–22]. In comparison to motor recovery, where many studies have tried
to identify early predictors of recovery [23–28], few have focused on predicting long-term
proprioceptive recovery [10,19,29].

1.3. Aims and Hypothesis

The utility of clinical, neuroimaging and robotic measures in predicting and classifying
long-term proprioceptive outcomes has been under-explored. The purpose of this study,
therefore, was to evaluate the ability of clinical, neuroimaging and robotic measures,
collected within the first two weeks post-stroke, to predict proprioceptive impairments six-
months post-stroke both independently of and in combination with each other. Considering
the previously established associations between clinical measures, neuroimaging and
proprioceptive measures, it was hypothesized that models containing just clinical or just
neuroimaging features would reasonably predict six-month proprioceptive impairments.
Furthermore, it was hypothesized that robotic features, alone and in conjunction with
clinical and neuroimaging features, would lead to superior predictions in terms of accuracy
and area under the receiver-operator characteristic (ROC) curve (AUC).

2. Materials and Methods
2.1. Participant Recruitment

Participants for the current study were recruited from a pool of participants taking
part in a larger, ongoing prospective cohort study called RESTART, which documents stroke
recovery using robotics and neuroimaging over the first six-month post-stroke.

2.1.1. Study Inclusion Criteria

Participant inclusion criteria for the current study was: (1) 18+ years of age, (2) first
time ischemic or hemorrhagic unilateral stroke, (3) could follow task instructions, (4) com-
pleted a robotic arm position matching (APM) task at both two weeks and six months
post-stroke, (5) had a clinical assessment collected at approximately two weeks post-stroke
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and (6) had clinical neuroimaging collected (Magnetic Resonance Imaging (MRI) or Com-
puted Tomography (CT)).

2.1.2. Study Exclusion Criteria

Participant exclusion criteria were: (1) apraxia [30], (2) contraindications to neuroimag-
ing, (3) other diagnosed neurological disorders (multiple sclerosis, Parkinson’s disease,
etc.), or (4) upper extremity orthopedic injury/pain that impacted their ability to perform
the robotic assessments.

2.2. Robotic Assessment of Proprioception

Proprioception was assessed in the current study, using a robotic APM task [3,7], at
two time points post-stroke, approximately two weeks (12.4 ± 8.4 days) and six months
(191.2 ± 18.0 days) post-stroke. The APM task was performed in a Kinarm Exoskeleton
robotic device (Kinarm., Kingston, ON, Canada). Participants sat in the wheelchair base of
the robotic device with their arms supported in the horizontal plane by custom-fitted arm-
troughs (Figure 1A). The linkages on the robot were then adjusted to fit each participant,
such that the length of the robotic arms matched those of the participant and the robotic
joints lined up with the participant’s shoulders and elbows. Once each participant was set
up, they were wheeled into the virtual reality environment, and vision of the arms was
occluded by an opaque shutter and bib.
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Figure 1. Robotic Assessment of Proprioception—(A) Kinarm Exoskeleton Lab (Kingston, ON,
Canada) used to perform the robotic assessment of proprioception (Arm Position Matching task).
(B) Exemplar Arm Position Matching task performance of an unimpaired stroke participant. The
robot moved the affected right arm. Closed symbols indicate the mean nine target positions where
the robot moved the participant’s hand. For illustrative purposes, the green line connects the
mean hand position of the eight outer targets. The participant matched with their unaffected left
arm. Open symbols indicate the mean, matched hand position of the unaffected arm. Again, for
illustrative purposes, the blue line connects the eight outer targets. Ellipsoids represent the variability
(one standard deviation) in matched position around each target. For illustrative purposes, the
participant’s matched positions have been reflected across the midline onto the robot moved arm.
The dashed grey line connects the reflected outer 8 targets. (C) Same format as B, except an exemplar
from a stroke participant with an impairment on the Arm Position Matching task is provided.

41



Brain Sci. 2023, 13, 953

The APM task began with the robot moving the participant’s affected arm to one of
nine-spatial targets. These targets were oriented in a 20 cm × 20 cm square, with eight outer
targets surrounding a central target. Once the robot had finished moving the participant’s
affected arm to the first target, they were instructed to attempt to mirror match the position
of the robot-moved (affected) arm, with their unaffected arm. Participants then verbalized
that they felt that they were in a matched position, and the robot operator cued the robot to
move the arm to the next target. The robot moved the participant’s arm between the nine
targets with a bell-shaped velocity profile and a maximum speed of 0.3–0.5 m/s. Each target
was assessed in a pseudorandomized order, once per block. Six blocks were performed, so
that there were 54 trials in the APM task. Exemplars of the APM task, from participants
with and without an APM task impairment, are shown in Figure 1B,C, respectively.

Robotic assessments allow for objective measures of sensorimotor function, compared
to standard clinical assessments [31]. As such, performance on the APM task was used as
the primary measure of proprioception, to classify participants to those with and without
impairments at six months post-stroke. Performance parameters from the APM task are
described in Section 2.3. The APM task parameters used as features in the predictive models
are described in Section 2.6.

2.3. Quantifying Proprioceptive Performance and Impairments

Performance on the APM task was quantified by a global measure called an APM
Task Score, which was used to infer the presence of proprioceptive impairments. The APM
Task Score is a composite measure, based on a number of parameters, each reflective of a
different component of APM task performance. These parameters include: (1) Absolute
Error, which quantifies the absolute distance in the mirror-matched position between the
robot-moved arm and the participant-moved arm, (2) Variability, which measures the
trial-to-trial variance in the participant’s ability to match limb position, (3) Contraction
Expansion, which describes the perception of the workspace in which the robot moved
their affected arm as either shrunken or enlarged, and (4) Shift, which captures a perceived
systematic shift of the robot moved arm. Each parameter was calculated in the x and y
directions. Further details on these parameters and how they are calculated have been
previously published [3,7,32].

Each parameter was first converted into a z-score based on a large normative data set,
composed of 2229 previously collected APM task assessments from 799 control participants
with no history of neurological disorders. For each parameter, data from the control set
was first converted to a normal distribution by Box-Cox transformation and outliers were
removed from the data that were outside ±3.29 SDs from the mean. Weighted linear
regression models were used to remove the influence of age, sex and handedness [32–34].
Parameter z-scores were then calculated, with a z-score of zero equal to the mean perfor-
mance of controls.

The next step was to convert these parameter z-scores into the APM Task Score.
Parameter z-scores were first transformed such that for any given parameter, the best score
was indicated by a score of zero and larger values indicative of worse performance [32–34].
Next, the root sum square (RSS) distance was calculated for each of these transformed
scores and converted into a z-score by the same transformations used to convert parameter
scores to z-scores. The final step in calculating the APM Task Score was to convert the
z-score of the RSS distance into a zeta-score using the zeta-transformation [32]. Robotic
analysis was performed using Dexterit-E version 3.9 (Kinarm, Kingston, ON, Canada).

The APM Task Score allows for comparisons in performance between stroke and
control participants to be made, accounting for each participant’s age, sex and handed-
ness [32]. Since the APM Task Score is a normative score, based on a large control dataset
(n = 799), it adopts the same features as a normal distribution. As such, 95% of healthy
control participants, of the same age, sex and handedness as any given participant, have an
APM Task Score less than 1.96 [32]. APM Task Scores greater than 1.96 indicated abnormal
performance on the APM task and was used to infer if a participant had a proprioceptive
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impairment at six months. While the APM Task Score was used to quantify the binary
proprioceptive outcome at six months, each of the parameter scores collected at two weeks
were used as predictive features in the models trained. Further details on the APM Task
Score, and each of these processes and calculations, have been extensively published and are
best described in [34]. Additional documentation outlining these details can be freely down-
loaded at (https://kinarm.com/download/kst-summary-analysis-version-3-9/; accessed
on 4 June 2022).

2.4. Clinical Assessment

Participants also completed a battery of clinical assessments two weeks post-stroke,
collected along with the initial robotic assessment. Clinical assessments included the:
Thumb Localization Test (TLT) [35], BIT [36] and FIM [37]. Scores from these clinical
assessments were also used as features to predict proprioceptive impairments on the APM
task at six months post-stroke, as described in Section 2.6.

The TLT was collected as a clinical measure of proprioception. In the TLT, with the
participant’s eyes closed, the clinician moves the affected arm to a fixed position and
asks the participant to try to pinch the thumb of that limb with the opposing limb. The
clinician gives a score ranging from zero to three (0 = quickly and accurately locates thumb,
1 = locates thumb with a minor corrective movement, 2 = locates thumb by chance or uses
hand or other fingers as a guide, and 3 = unable to locate thumb at all, or uses arm as a
guide). The BIT was collected due to the close association between hemispatial neglect
and proprioceptive impairment [15–18]. The conventional sub-tests of the BIT were used,
which included the following pencil and paper tasks: line bisection, line cancellation, letter
cancellation, star cancellation, shape copying, and figure drawing. Lower scores indicate
worse attentional deficits, with scores less than 130 indicative of hemispatial neglect. It
has been previously established that proprioceptive impairments are linked with reduced
participation in ADLs [5–7]. As such, the FIM was collected as a measure of ADLs and
indicative of overall stroke severity. The FIM measures the performance of ADLs across
18 items, including measures of self-care, locomotion, communication, and social cognition.

2.5. Neuroimaging

For all participants, clinical MRI or CT imaging was collected in accordance with the
acute stroke imaging procedure at the Foothill Medical Centre, Calgary, Alberta, Canada.
The mean time from stroke to image acquisition was 2.9 ± 4.3 days. MRI images were
collected on a 1.5 T or 3 T General Electric scanner. Acquisition sequences included fluid-
attenuated inversion recovery (FLAIR) and diffusion-weighted imaging (DWI). CT images
were collected on either a Siemens system or General Electric system.

Participants’ lesions were marked on the original FLAIR or CT image, and the marking
was verified by a stroke neurologist. The marked lesions were then normalized into
Montreal Neurological Institute (MNI) space using the clinical toolbox (https://www.
nitrc.org/projects/clinicaltbx; accessed on 13 January 2022) [38] in SPM12 (https://www.
fil.ion.ucl.ac.uk/spm/software/spm12/; accessed on 13 January 2022). The normalized
lesions were checked for accuracy by ensuring the alignment of the ventricles, anterior
and posterior commissures and overall brain outline. Normalized lesions were then used
to generate two neuroimaging measures, pertaining to each specific lesion, that were
subsequently used as features in the prediction models.

Neuroimaging Measures

The first neuroimaging measure used was a simple calculation of lesion volume for
each participant’s lesion. A second neuroimaging measure was derived from Voxel-Based
Lesion Symptom Mapping (VLSM) methodology [39]. Participants lesions and APM Task
Scores, at two weeks post-stroke, were subject to an initial VLSM analysis. The VLSM
analysis was performed using the NiiStat Toolbox (https://www.nitrc.org/projects/niistat;
accessed 13 January 2019) in Matlab 2020a (Mathworks, Natick, MA, USA). At each voxel,
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participants were separated into those with and without lesions at that voxel. The voxel-
wise significance was then determined for the difference in APM Task Scores between
those with and without lesions to that voxel. To ensure statistical power, only voxels with
minimum overlap of 5% (seven participants) were tested, which is an accepted threshold
in the VLSM literature [20,40,41]. The result is a map where each voxel was assigned to a
z-score from the corresponding statistical test. Next, to determine the structure-function
relationship with respect to the APM Task Score, the mean z-score associated with all the
voxels of each participant’s lesion was calculated (VLSM mean Z). Therefore, for each
participant, the VLSM mean Z score is a scalar metric, weighted to the relative importance
of all the lesioned voxels to the APM Task Score.

2.6. Statistical Analysis

The purpose of this study was to assess the utility of clinical, neuroimaging and robotic
measures, collected two weeks post-stroke, in predicting proprioceptive impairment on a
robotic APM task six months post-stroke.

To first validate the linear relationships between each clinical, neuroimaging and
robotic measure collected at two weeks and six-month APM Task Scores, simple linear
regressions were conducted. For the TLT, Spearman’s rank correlation coefficient was
performed. Additionally, the relationship between demographic information (age, sex,
affected side) was also assessed. For age, linear regression was also performed, whereas two
sample t-tests were adopted for sex and affected side, assessing for differences in six-month
APM Task Scores between males and females and left and right affected participants.

Next, participants were split into two groups, those impaired on the APM Task
at six months (APM Task Score < 1.96) and those unimpaired on the APM task (APM
Task Score > 1.96). For each clinical, robotic and neuroimaging measure, separate Mann–
Whitney-U tests were conducted to test if group-level differences existed for each measure,
between the impaired and unimpaired groups. To correct for multiple comparisons, a
Bonferroni adjusted critical alpha of 0.00357 (14 comparisons) was used to infer significance.

Finally, to assess the utility of clinical, neuroimaging and robotic measures for pre-
dicting six-month proprioceptive outcomes (impaired vs. unimpaired), logistic regression
classifiers were trained. Firstly, a Basic model containing demographic information was
trained, which formed the basis for each subsequent model. Then, to assess the predictive
utility of each individual modality, models containing only clinical, neuroimaging or robotic
features were trained (Clinical model, Imaging model, Robotic model). All the features were also
combined into an Augmented model, to assess whether the addition of specialized robotic
measures would improve the prediction of impairments over current clinically available
information such as clinical assessments and neuroimaging. Within the Augmented model,
coefficients from the logistic regression were used to determine the relative importance of
each feature towards aiding the prediction. The features included in each model are pre-
sented in Table 1. Classification models were trained using the Scikit toolbox (version 1.1.3)
in Python (version 3.9.13) and were cross validated using stratified 10-fold cross validation.

The performance of each classification model was evaluated by calculating the classifi-
cation accuracy, F1-score (to account for imbalances between the number of participants
with and without impairments), area under the receiver-operator characteristic (ROC) curve
(AUC), sensitivity, and specificity. It was anticipated that the Augmented model would yield
more accurate predictions and reduce prediction error. To evaluate whether the potential
benefits in prediction accuracy outweighed the cost of including additional features, Akaike
information criterion (AIC) was also used to compare models, penalizing models with
more features.
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Table 1. Model variables—Features entered into each predictive model. TLT = Thumb Localisation
Task, BIT = Behavioural Inattention Test, FIM = Functional Independence Measure, VLSM = Voxel-
based Lesion Symptom Mapping.

Model Measures Included

Basic model Age, Sex, Affected Arm
Clinical model Age, Sex, Affected Arm, TLT, BIT, FIM
Imaging model Age, Sex, Affected Arm, VLSM mean Z, Lesion Volume

Robotic model Age, Sex, Affected Arm, Absolute Error X, Absolute Error Y, Variability X, Variability Y, Contraction
Expansion X, Contraction Expansion Y, Shift X, Shift Y

Augmented model Age, Sex, Affected Arm, TLT, BIT, FIM, VLSM mean Z, Lesion Volume, Absolute Error X, Absolute Error Y,
Variability X, Variability Y, Contraction Expansion X, Contraction Expansion Y, Shift X, Shift Y

3. Results
3.1. Participant Demographics and Other Predictors

A total of 133 participants were included in the current study (females = 42; Left
affected arm = 78). Participant demographics are presented in Table 2. Participants were
60.2 ± 13.0 years of age. By six months post-stroke, 48 participants still had impairments
on the APM task (36.1%). As such, a classification model that predicted every participant
as impaired or unimpaired at six months (i.e., a single class/chance model), would have
been 36.1% or 63.9% accurate, respectively. Lesion overlaps for participants impaired and
unimpaired at six months are presented in Figure 2. At two weeks post-stroke, 26 partici-
pants had neglect (BIT scores < 130); however, only four participants still had neglect by
six months, alleviating concerns that impairments on the APM task at six months could be
due to participants still having neglect (Supplemental Figure S1).

Table 2. Demographics—Participant demographics. For Age, Lesion Volume, VLSM mean Z,
Absolute Error, Variability, Contraction Expansion, Shift and six-month APM Task Score, values
are presented as the mean ± standard deviation. For the BIT and FIM, values presented are the
median with the range presented in parentheses. BIT = Behavioural Inattention Test, FIM = Func-
tional Independence Measure, TLT = Thumb Localisation Task, APM = Arm Position Matching,
VLSM = Voxel-based Lesion Symptom Mapping.

Age 60.2 ± 13.0
Sex Males = 91, Females = 42

Affected Arm Right = 55, Left = 78
TLT 0 = 50, 1 = 36, 2 = 33, 3 = 14
BIT 141 (58–146)
FIM 102 (35–126)

Lesion Volume (cc) 35.1 ± 53.5
VLSM Mean Z 1.652 ± 1.223

Absolute Error X (z-score) 1.42 ± 1.30
Absolute Error Y (z-score) 1.49 ± 1.28

Variability X (z-score) 2.15 ± 1.93
Variability Y (z-score) 2.67 ± 2.12

Contraction Expansion X −1.71 ± 2.20
Contraction Expansion Y −2.27 ± 3.77

Shift X −0.40 ± 1.78
Shift Y −0.64 ± 1.98

APM Task Score (six months) 1.90 ± 1.55

3.2. Examining the Linear Relationships between Clinical, Neuroimaging and Robotic Features and
Six-Month APM Task Scores

First, the linear relationships between each feature collected at two weeks post-
stroke and six-month APM Task Scores were independently validated (Supplemental
Figures S2–S4). All clinical features collected two weeks post-stroke were significantly asso-
ciated with six-month APM Task Scores (Supplemental Figure S2). For the TLT (rho = 0.499,
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p = 9.92 × 10−10), higher scores (worse performance) were associated with higher APM
Task Scores (worse performance). For the BIT (R2 = 0.253, p = 4.12 × 10−10) and FIM
(R2 = 0.239, p = 1.39 × 10−9), lower clinical scores (worse performance) were associated
with higher APM Task Scores (worse performance). Additionally, both neuroimaging
features were significantly associated with six-month APM Task Scores (Supplemental
Figure S2). Greater lesion volumes (R2 = 0.169, p = 5.29 × 10−7) and VLSM mean Z scores
(R2 = 0.205, p = 2.78 × 10−8) were also all significantly associated with higher APM Task
Scores (worse performance). Of the robotic features collected two weeks post-stroke, signif-
icant associations with six-month APM Task Scores were observed for Absolute Error X
(R2 = 0.300, p = 5.46 × 10−12), Absolute Error Y (R2 = 0.447, p = 9.21 × 10−19),Variability
X (R2 = 0.325, p = 4.64 × 10−13), Variability Y (R2 = 0.423, p = 1.49 × 10−17), Contraction
Expansion X (R2 = 0.313, p = 1.58 × 10−12) and Contraction Expansion Y (R2 = 0.382,
p = 1.44 × 10−15) (Supplemental Figure S3). There were no significant associations between
two-week Shift X and Shift Y scores and six-month APM Task Scores.
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Figure 2. Lesion Overlaps—Lesion overlaps for (A) Participants impaired on the APM Task at six
months post-stroke, and (B) Participants unimpaired on the APM Task at six months post-stroke. All
lesions are normalised to Montreal Neurological Institute space and are presented in neurological
convention (right hemisphere presented on the right). Color bar indicates the number of participants
with lesions at each voxel. Axial slices (from left to right), z = −2, 10, 22, 34, 46, 58, 64.

For the demographic features, six-month APM Task Scores were significantly greater in
left affected individuals than right affected individuals (t = 3.284, p = 0.0013) (Supplemental
Figure S4). There were no differences between males and females (t = 1.815, p = 0.0718), nor
a significant relationship with age (R2 = −0.00596, p = 0.641) (Supplemental Figure S4).

3.3. Examining Differences in Clinical, Robotic and Neuroimaging Features between Those
Impaired and Unimpaired on the APM Task Score

The second analysis assessed whether there were differences in clinical, neuroimaging
and robotic features, collected two weeks post-stroke, between participants with and with-
out APM task impairments (APM Task Scores > 1.96) at six months post-stroke. With the
exception of age (p = 0.974), Shift X (p = 0.294) and Shift Y (p = 0.944), significant differences
were observed for all measures (all p-values < 0.0005) between those with and without
impairments on the APM task (Figure 3). For those with impairments, all measures were
significantly higher (worse performance), except for BIT, FIM and Contraction Expansion
X and Y, which were significantly lower (worse performance—in the case of Contraction
Expansion, lower values indicate more contraction).
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Figure 3. Group Level Differences in Clinical, Neuroimaging and Robotic Featuress Between Those
Impaired and Unimpaired on the Arm Position Matching Task—Boxplots presenting features collected
at two weeks post-stroke, for those impaired on the APM task (green) and those unimpaired (grey) at
six months post-stroke. Given the varied scales each feature is scored on, scores are presented as z-
scores for illustrative purposes. Boxes represent the median (centre line), 25th percentile (bottom line)
and 75th percentile (top line), respectively. Whiskers extend to the highest and lowest data points,
within 1.5 times the interquartile range from the top or bottom of the box. Individual data points
displayed outside of this range signify outliers. Mann–Whitney U tests were conducted on the raw
scores for each measure, between groups. * below each label indicates that feature had a significant
difference between the impaired and unimpaired groups (p < 0.0005). Abs. Error = Absolute Error,
Var = Variability, Con. Exp = Contraction Expansion.

3.4. Classification Models
3.4.1. Single Modality Models

Performance metrics of each classification model are presented in Table 3, with ROC
curves for each model presented in Figure 4. When classifying impairments at six months
post-stroke, using data collected two weeks post-stroke, all models containing single modal-
ity features (e.g., Clinical, Imaging and Robotic models) performed reasonably well (Table 3),
with the exception of the Basic model. The most accurate model was the Clinical model (Accu-
racy = 78.95%, F1-score = 0.78), closely followed by the Robotic model (Accuracy = 77.44%,
F1-score = 0.77) and then the Imaging model (Accuracy = 72.18%, F1-score = 0.71). With
regard to the AUC metric, the highest performing single modality model was the Robotic
model (AUC = 0.84), followed by the Clinical model (AUC = 0.79) and then the Imaging model
(AUC = 0.74). The Robotic model also had the lowest AIC value (AIC = 120.07), compared
with the Clinical model (AIC = 146.96) and Imaging model (148.43). The Basic model performed
poorly on all metrics, except for specificity (Table 3). The highest contributing features
for each model are presented in Supplemental Table S1. For the Clinical model, TLT scores
(0.9513) and Affected arm (−0.6551) were the most important features of the model. For
the Imaging model, Affected Arm (−0.7606) and VLSM mean Z (0.6665) were most impor-
tant. For the Robotic model, the prediction was mostly driven by Affected Arm (−0.9762),
Variability Y (0.8015) and Absolute Error X (0.4643).
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Table 3. Predictive model performance—Performance metrics for each of the predictive models
trained. For accuracy, sensitivity and specificity, values presented are percentages. * indicates
the model(s) with the best performance for each given metric. For all metrics, except AIC, higher
values indicate better performance. AUC = Area under the Receiver-Operator Characteristic curve,
AIC = Akaike Information Criterion.

Accuracy F1-Score AUC Sensitivity Specificity AIC

Basic Model 63.16 0.49 0.45 0.00 98.82 * 176.94
Clinical model 78.95 * 0.78 * 0.79 62.50 88.24 146.96
Imaging model 72.18 0.71 0.74 47.92 85.88 148.43
Robotic model 77.44 0.77 0.84 68.75* 82.35 120.07 *

Augmented
model 76.69 0.77 0.86* 64.58 83.53 126.07
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Figure 4. Receiver Operator Characteristic Curves (ROC curves)—Receiver Operator Characteristic
(ROC) curves for the models predicting APM Task impairments at six months post-stroke. Each line
represents the ROC curve for an individual model. Blue line = Basic model, orange line = Clinical
model, green line = Imaging model, red line = Robotic model, purple line = Augmented model. Area
under each curve (AUC) is reported in the figure legend. Dashed red line represents an AUC of 0.5
and a model that performs at random.

3.4.2. Augmented Model

When combining all demographic, clinical, neuroimaging and robotic features, the
Augmented model also performed well, with an accuracy of 76.69%, F1-score of 0.77 and
an AUC of 0.86. Of all the models trained, the Augmented model had the highest AUC
(Table 3). With the exception of the Robotic model, the Augmented model also had a lower
AIC than all other models. Upon closer inspection of the model coefficients (Figure 5,
Supplemental Table S1), there were five features, in particular, that contributed the most
towards the Augmented model predictions. The largest contributors to the model prediction
were: Affected Arm (−0.857), Variability Y (0.755), Absolute Error X (0.441), VLSM mean Z
(0.333) and Variability X (−0.330) (Figure 5, Supplemental Table S1). Contraction Expansion
Y (−0.245) and TLT scores (0.233) were also relatively important features.

48



Brain Sci. 2023, 13, 953Brain Sci. 2023, 13, x FOR PEER REVIEW 11 of 17 
 

 
Figure 5. Augmented Model Feature Importance—Feature coefficients presented for the Augmented 
model. Features are ranked in order of absolute coefficient value. TLT = Thumb Localisation Task, 
BIT = Behavioural Inattention Test, FIM = Functional Independence Measure, VLSM = Voxel-based 
Lesion Symptom Mapping. 

4. Discussion 
The idea of predicting functional outcomes after a stroke is not new, as many studies 

have focused on predicting motor recovery and ADLs post-stroke [42–47]. Much less attention, 
however, has been placed on predicting sensory and proprioceptive recovery. This study 
demonstrated the utility of clinical, neuroimaging, and robotic measures, collected two weeks 
post-stroke, for predicting proprioceptive outcomes at six months post-stroke. Models which 
only contained a single modality of features (e.g., only clinical, neuroimaging or robotic fea-
tures) resulted in prediction accuracies for long-term impairment that were greater than a 
model performing at chance, ranging from 72 to 79% (Table 3). Surprisingly, however, the 
combination of robotic features with clinical and neuroimaging features did not improve pre-
diction accuracy or F1-score over the single modality models. When evaluating model perfor-
mance based on AUC and AIC, there was, however, a clear advantage for models that utilized 
robotic features over those without (Table 3, Figure 4). The higher AUC, along with a relatively 
low AIC value, validates the use of models that are rich in features derived from robotic as-
sessments when predicting long-term proprioceptive outcomes. Overall, this study advances 
our understanding of the predictors of proprioceptive recovery, something which has recently 
been called for in stroke recovery research [29]. Developing this understanding is important 
for identifying individuals who are at risk of long-term impairment, who could benefit from 
additional proprioceptive rehabilitation in the first six months post-stroke. 

Independent of clinical and neuroimaging features, the use of robotic features resulted in 
a prediction accuracy of 77.44%. Although the accuracy and F1-score of the models containing 
robotic features were similar to those containing just clinical or neuroimaging features, the 
Robotic and Augmented models outperformed the Clinical and Imaging models in terms of AUC 
and AIC metrics. The relatively higher AUC suggests a greater ability of the models containing 
robotic features to separate those with proprioceptive impairments at six months from those 
without. Additionally, the lower AIC supports the use of the extra robotic features in these 
models. The improvements observed in AUC but not in accuracy are likely a reflection of what 
each metric measures. While accuracy is simply the proportion of correct predictions at a 
single model threshold, AUC measures the relationship between the True Positive Rate 
(Sensitivity) and the False Positive Rate (1-Specificity) at different threshold values. AUC is 
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BIT = Behavioural Inattention Test, FIM = Functional Independence Measure, VLSM = Voxel-based
Lesion Symptom Mapping.

4. Discussion

The idea of predicting functional outcomes after a stroke is not new, as many studies
have focused on predicting motor recovery and ADLs post-stroke [42–47]. Much less atten-
tion, however, has been placed on predicting sensory and proprioceptive recovery. This
study demonstrated the utility of clinical, neuroimaging, and robotic measures, collected
two weeks post-stroke, for predicting proprioceptive outcomes at six months post-stroke.
Models which only contained a single modality of features (e.g., only clinical, neuroimaging
or robotic features) resulted in prediction accuracies for long-term impairment that were
greater than a model performing at chance, ranging from 72 to 79% (Table 3). Surprisingly,
however, the combination of robotic features with clinical and neuroimaging features did
not improve prediction accuracy or F1-score over the single modality models. When evalu-
ating model performance based on AUC and AIC, there was, however, a clear advantage
for models that utilized robotic features over those without (Table 3, Figure 4). The higher
AUC, along with a relatively low AIC value, validates the use of models that are rich in
features derived from robotic assessments when predicting long-term proprioceptive out-
comes. Overall, this study advances our understanding of the predictors of proprioceptive
recovery, something which has recently been called for in stroke recovery research [29].
Developing this understanding is important for identifying individuals who are at risk of
long-term impairment, who could benefit from additional proprioceptive rehabilitation in
the first six months post-stroke.

Independent of clinical and neuroimaging features, the use of robotic features resulted
in a prediction accuracy of 77.44%. Although the accuracy and F1-score of the models
containing robotic features were similar to those containing just clinical or neuroimaging
features, the Robotic and Augmented models outperformed the Clinical and Imaging models in
terms of AUC and AIC metrics. The relatively higher AUC suggests a greater ability of the
models containing robotic features to separate those with proprioceptive impairments at
six months from those without. Additionally, the lower AIC supports the use of the extra
robotic features in these models. The improvements observed in AUC but not in accuracy
are likely a reflection of what each metric measures. While accuracy is simply the proportion
of correct predictions at a single model threshold, AUC measures the relationship between
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the True Positive Rate (Sensitivity) and the False Positive Rate (1-Specificity) at different
threshold values. AUC is also biased towards the positive class (in this case, the impaired
class). As seen in Figure 4, the Robotic and Augmented model’s performance separates from
the Clinical and Imaging models as the True Positive Rate exceeds 0.7 (i.e., a higher True
Positive Rate/Sensitivity for a lower False Positive Rate), suggesting the greater ability for
the models containing robotic features to correctly identify the impaired participants across
a wide range of threshold values.

To date, the literature is limited when predicting and classifying sensory outcomes after
stroke. Other classification studies have, however, attempted to predict functional outcomes
post-stroke [42,43,45,46,48] based on the Modified Rankin Scale or Barthel Index. Many of
these have been deemed successful, reporting accuracies in the range of 56–85% [43,45]
and AUC values in the range of 0.76–0.91 [42,48–50]. The Clinical, Robotic and Augmented
models in the current study had comparable accuracies and AUC values, ranging between
76.69–79.95% and 0.79–0.86, respectively. Furthermore, in contrast to proprioception, there
is a far deeper body of the literature aimed at predicting upper limb motor recovery, with
a particular focus on clinical and physical markers such as finger extension and shoulder
abduction, neurophysiological markers such as the presence of motor evoked potentials and
neuroimaging markers such as corticospinal tract integrity [51–53] (for a comprehensive
review of the literature, see [54]). That said, similarities are shared with those in the motor
literature, whereby clinical and neuroimaging features contributed to successful prediction
of proprioceptive outcomes in this study. In order to fully critique the performance of the
models trained in this study, further research is required that attempts to predict sensory
outcomes post-stroke. Doing so would allow the effectiveness of the models trained in
this study to be compared with other suitable literature. As the body of literature grows
surrounding sensory outcome prediction post-stroke, more tailored models can be trained
that utilize a growing wealth of knowledge.

The present study has strong implications for stroke rehabilitation and promoting a
more routine use of, and investments in, robotic technology in clinical practice. Being able
to accurately assess proprioception and predict the likelihood of long-term impairments is
an integral step towards developing better treatment plans for patients identified at risk of
long-term impairments, who would otherwise have reduced independence in daily living
and quality of life [7,55]. Robotics may be an important tool in improving both sensory
prediction and assessment post-stroke.

Importantly, within the Robotic and Augmented models, this work has identified key
components from a robotic assessment of proprioception that, when collected early post-
stroke, are indicative of long-term proprioceptive problems for patients. In addition to the
successful performance of the Robotic model, there were key features of the Augmented model,
derived from robotic assessments, that were major contributors to predicting outcomes, for
example, Variability Y, Absolute Error X and Variability X (Figure 5, Supplemental Table S1).
This is of particular importance as rehabilitation looks towards a personalized medicine
approach. Since robotics can identify key areas that predict long-term impairments, they
have the capacity to inform the rehabilitation process by aiding the design of targeted
interventions for these specific areas and mitigating long-term impairments. Robotics are
advantageous for assessing proprioception as they provide an abundance of information
about someone’s performance and are far more precise than clinical assessments [31],
collecting data every millisecond (in the case of the Kinarm Exoskeleton used in this
study). As such, robotics are optimally suited to provide additional details about a person’s
particular proprioceptive impairment. Additionally, compared to the clinical assessments
performed in this study (TLT, BIT and FIM), which can take up to 30 min to perform
and require a trained clinician/rater, the APM task provides plentiful data in under four
minutes of assessment time. Taken together, the present findings support the use of
robotics to inform and improve the prediction of long-term patient outcomes, as well as
inform rehabilitation.
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Despite limited clinical uptake for the treatment of post-stroke proprioception, some
potentially promising evidence comes from experimental interventions [12]. These studies,
which are limited and only conducted in small samples, have been shown to increase
proprioceptive acuity following stroke using a variety of treatment methods [56–65]. Many
of these studies have utilized alternative treatments such as robotic therapy [57,59,60,63]
including robotic mirror therapy [65] and assisted movement with enhanced sensation [58]
but have also included more traditional tactile and proprioceptive discrimination train-
ing [56]. Interestingly, robotic therapy has also been proven to be beneficial for treating
motor function after a stroke [66,67]. Given the capability of robotics to facilitate prediction
of proprioceptive impairment, either alone or in conjunction with clinical assessments, the
use of robotics in clinical settings in addition to their apparent benefit for proprioceptive
rehabilitation should continue to be explored and considered.

It has previously been demonstrated that the ability to predict functional outcomes
post-stroke, using clinical measures alone, hits a ceiling of prediction accuracy at around
80% [43,45], with the addition of specialized features (such as neuroimaging or robotics)
potentially required to facilitate improvements in model performance [43]. Although it was
anticipated that robotic features would result in higher prediction accuracy than clinical or
neuroimaging features, unfortunately this was not found to be the case, with the Robotic
and Augmented models performing similarly to the Clinical and Imaging models.

It must be noted, however, that the Clinical model still performed well, even in the
absence of more specialized features such as neuroimaging or robotics. Within this model,
TLT scores and the affected arm were the most informative features (Supplemental Table S1).
The TLT was also amongst the more informative features of the Augmented model (Figure 5,
Supplemental Table S1). The relative success of using clinical measures for long-term
prediction corroborates the findings of Reid et al. [42], who demonstrated that outcome
predictions, based on the Modified Rankin Scale, were just as good using simple clinical
measures compared to more complex models which utilized neuroimaging measures. The
ability of the clinical measures used in the current study to predict proprioceptive outcome
also may not be surprising, considering the close associations that have previously been
described between attentional deficits, the ability to perform ADLs and proprioception
post-stroke [7,15,18]. The high prediction accuracy in this study may therefore reflect these
tight relationships between clinical and robotic measures of proprioception (Supplemental
Figure S2). While robotics provide distinct advantages over clinical assessments [31], they
are not common in clinical sites. In sites where robotics are not accessible, it is important
that clinicians recognize the associations between these types of clinical measures and
the likelihood of long-term proprioceptive difficulties in their patients, when performing
assessments early after stroke and prescribing rehabilitation.

Finally, within the Augmented model, the affected arm and VLSM mean Z also con-
tributed to the model prediction (Figure 5, Supplemental Table S1). There is a growing body
of evidence that suggests that proprioception is lateralized to the right hemisphere, with a
distributed network of brain regions likely responsible for proprioception [16,68–76]. With
APM Task Scores greater (worse) in left-arm affected individuals (Supplemental Figure S4)
and greater VLSM mean Z scores in those with impairments at six months, the relative
importance of these measures as predictors of long-term impairment likely reflects this
lateralized neuroanatomy for proprioception.

Limitations

Like all studies, the current study has limitations. Given the size of the dataset, models
were both trained and tested within samples and the test data were not necessarily unseen.
While it is suggested that using the same data to train and test models might be useful
from the standpoint of exploring potential predictive measures [77–79], in an ideal scenario
a vastly larger dataset would be available, allowing these findings to be generalized to a
wider sample. In this study stratified 10-fold cross-validation was used, which can protect
against these biases. It must also be noted that there were slight imbalances in the number
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of participants with and without impairments in the sample (approximately 60–40% split),
something which was maintained through each cross-validation sample. This imbalance
may have the potential to bias the current findings and distort the perceived performance
of each model trained. That said, all the models outperformed a single class model by
10–15% accuracy.

5. Conclusions

Predicting proprioceptive impairments out to six months post-stroke using clinical,
neuroimaging and robotic measures, collected within the first two weeks post-stroke, is
feasible. Considering the current clinical standard of care often does not focus on treating
proprioceptive impairments, identifying those likely to have long-lasting impairments is
a key step towards personalized approaches in the treatment of proprioception. Further
studies are, however, needed to refine predictive models and increase the prediction
accuracy of proprioceptive recovery post-stroke.
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Abstract: Here, we review the literature on neurotypical individuals and individuals with post-stroke
aphasia showing that right-hemisphere regions homologous to language network and other regions,
like the right cerebellum, are activated in language tasks and support language even in healthy
people. We propose that language recovery in post-stroke aphasia occurs largely by potentiating the
right hemisphere network homologous to the language network and other networks that previously
supported language to a lesser degree and by modulating connection strength between nodes of
the right-hemisphere language network and undamaged nodes of the left-hemisphere language
network. Based on this premise (supported by evidence we review), we propose that interventions
should be aimed at potentiating the right-hemisphere language network through Hebbian learning
or by augmenting connections between network nodes through neuroplasticity, such as non-invasive
brain stimulation and perhaps modulation of neurotransmitters involved in neuroplasticity. We
review aphasia treatment studies that have taken this approach. We conclude that further aphasia
rehabilitation with this aim is justified.

Keywords: stroke; aphasia; mechanisms of recovery; language networks; connectivity

1. Introduction

Aphasia refers to deficits in language (comprehension and production, written and
spoken) following damage to the brain. It is distinct from deficits in broader cognition or
articulation (dysarthria, apraxia). Recovery of language function after a stroke causing
aphasia is thought to take place in part through “reorganization” of structure–function rela-
tionships or “take-over” (by undamaged) tissue of functions that are impaired by damaged
tissue. One interpretation of this concept is that neurons are sufficiently pluripotent; that is,
they can change the type of stimulus they are tuned to or that a functional network can
change the type of computation it carries out. Makin and Krakauer [1] review extensive
evidence from animal and human studies against this interpretation of reorganization.
They argue instead that remapping occurs through potentiation (i.e., increases in synaptic
efficacy or strengthening of synapses through activity) of preexisting networks or circuits
that have the necessary representational and computational capacity prior to stroke. Poten-
tiation of preexisting networks that may have been supportive of function such as language
can be facilitated via Hebbian learning and other neuroplasticity mechanisms. Hebbian
learning mechanisms are engaged through repeated patterns of neuronal firing, which is
thought to strengthen these pathways and make them more efficient [2]. Neuroplasticity
refers to the brain’s ability to form new connections and/or reorganize to restore or regain
function after some disruption in function. While Makin and Krakauer mention language
recovery, their paper focuses on motor and sensory recovery after injury.

In this paper, we similarly propose that language recovery takes place largely
through remapping language networks by potentiating the right-hemisphere network
homologous to the language network (hereafter referred to as the “right-hemisphere
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language network”) and by modulating connection strength between nodes of the
right-hemisphere language network and undamaged nodes of the left-hemisphere lan-
guage network. Based on this premise (supported by evidence we review), we propose
that interventions should be aimed at potentiating the right-hemisphere language net-
work through Hebbian learning or by augmenting connections between network nodes
through neuroplasticity (such as non-invasive brain stimulation and perhaps modulation
of neurotransmitters involved in neuroplasticity). The aim of our discussion focuses on
evidence from the most common patterns of hemispheric functional dominance observed
in the population. In the majority of healthy people, functional representations unique
to higher-level language processing are predominantly left-lateralized, while lower-level
processing underpinning language, such as sound identification, is more commonly
associated with a bilateral representation [3].

First, we review a representative sample of evidence from neurotypical control par-
ticipants for the existence of a reliable language network in the left hemisphere as well
as a homologous right-hemisphere language network that together support virtually all
language functions, including phonological (sound based), orthographic (writing based),
semantic (meaning based), and syntactic (grammar based) processes involved in under-
standing and producing spoken and written language. Certainly, an exhaustive review
is impossible in a single paper. However, we review illustrative studies using various
functional resting state and task-related imaging approaches. These networks each include
ventral (sound to meaning [3]) and dorsal (meaning to production [4]) streams [5] com-
posed of cortical regions and their connections as well as the contralateral cerebellum [6].
Although these networks are modulated by subcortical structures such as the basal ganglia
and thalamus, the role of subcortical structures in post-stroke aphasia is likely through
diaschisis (i.e., dysfunction in distant areas of cortex that are otherwise spared but occurs
due to their connections with damaged structures), and recovery from damage to these
subcortical regions may reflect the resolution of diaschisis [7].

Then, we review evidence from functional imaging studies of people with aphasia
indicating that recovery occurs through remapping and change in connection strength be-
tween nodes of the right- and left-hemisphere language networks as we have defined them.
We include studies of positron emission tomography (PET), resting state and task-related
functional magnetic resonance imaging (fMRI), and functional near-infrared spectroscopy
(fNIRS), although there are also data from electroencephalography (EEG) that are relevant
to the discussion.

Finally, we discuss the types of interventions that have been used in aphasia that
might be utilized to potentiate networks that are supportive of language, including right-
hemisphere language network and right cerebellar–cortical connections. We review inter-
ventions focused on enhancing the supportive roles of the right hemisphere in language
processing through music, drawing, prosody, and manipulations to attention and intention.
Although there is scant evidence that these interventions actually have potentiated, that is,
increased, synaptic strength and efficiency via activity in the right-hemisphere language
network, we provide directions for future studies to evaluate this hypothesis. We also
review studies of treatments aimed at increasing neuroplasticity and connectivity between
language network nodes, including connections between the right cerebellum and language
network. Some of these studies have, in fact, demonstrated changes in connection strength
as predicted by our proposals.

2. The Language Network and Supporting Areas in Neurotypical Controls
2.1. The Left-Hemisphere Language Network

One of the most remarkable findings from functional imaging of language processing
is that the same cortical regions are activated in nearly every language task, even though
damage to distinct regions causes very different deficits. Although “subtraction” designs,
those selected to reveal distinct areas activated for two different language tasks (e.g., reading
aloud irregular words minus reading aloud regular words), can show differences, virtually
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all language tasks activate the same regions of left hemisphere when contrasted with low
level tasks that are primarily attentional or perceptual (e.g., fixation, counting, saying “skip”
to scrambled pictures or scrambled words). Nodes of the language network generally
include the posterior superior temporal cortex (pSTG, often referred to as “Wernike’s area”),
middle temporal gyrus (MTG), inferior temporal gyrus or fusiform gyrus (FuG), posterior
inferior frontal gyrus (pIFG, often referred to as “Broca’s area”), dorsolateral prefrontal
cortex (DLPFC), and inferior parietal cortex (IPC), which includes the supramarginal
gyrus (SMG) and angular gyrus (AG) (list of frequently-occurring abbreviations provided
below). Importantly, recent authors have argued against viewing the language network
as a set of discrete, specialized, regions each contributing a constituent function toward
the emergence of language. Instead, it may be better understood as a synergistic network
acting together [5,8,9].

Activation of this language network is observed in fMRI studies across clinical and
healthy populations with tasks as divergent as word generation/letter fluency [10], word
retrieval (naming and oral reading compared to counting) [11], comprehension and produc-
tion of syntactically complex sentences [12], passive viewing and listening to discourse [13],
detecting sensible vs. not sensible sentences [14], and reading [15]. Early PET studies first
revealed activation in these areas during most language tasks, although PET studies also
frequently showed activation of the cingulate cortex (see [16] and [17] for review). Occipital
areas are activated consistently when visual stimuli are included as part of the task unless
compared to a baseline condition that includes comparable visual demands.

This “language network” is among the networks revealed by task-free (“resting state”)
fMRI. The best known (and first described) network of brain regions that show highly
correlated blood oxygen level-dependent (BOLD) activation at rest is the Default Mode
Network [18]. However, several other networks defined by their “connectivity” (correlated
BOLD activity at rest) have been described, including the language network [19], which
includes the network nodes described above, as well as superior frontal cortex.

Other types of studies have evaluated the interplay between nodes of the language
network during specific tasks. For example, one study of concurrent transcranial magnetic
stimulation and electroencephalography (TMS-EEG) revealed time- and region-specific
causal evidence for a bidirectional flow of activation from the left pSTG/superior temporal
sulcus (STS) to the left posterior inferior frontal gyrus (pIFG) and back during auditory
sentence processing, as well as interplay between left pSTG/STS and left AG [20].

Structural imaging studies, for example, using diffusion tensor imaging (DTI), also
have revealed the major white matter tracts that connect the nodes of the left-hemisphere
language network [21,22]. In the dorsal stream of language processing (meaning to
production), the three segments of the arcuate fasciculus with distinct connections and
the frontal aslant tract provide the main connections within the language network. In
the ventral stream, the connections are provided by the inferior longitudinal fasciculus,
inferior fronto-occipital fasciculus, middle longitudinal fasciculus, uncinate fasciculus,
and temporo-frontal extreme capsule fasciculus. The frontal aslant tract is a recently
described short monosynaptic association tract connecting the lateral IFG to the superior
frontal gyrus, an area that may have a supportive role in language, along with the
cingulate cortex.

2.2. The Right-Hemisphere (Homologous) Language Cortex

The language network, as defined by task-free fMRI connectivity, also includes the
right pSTG [19]. This finding fits well with current models of language processing that
propose left-dominant dorsal and ventral streams of language processing, but also more
bilateral processing of phonology in right and left pSTG. Virtually all fMRI studies of
language processing by neurotypical controls show activation of at least some of the
right hemisphere homologues of the language networks, although these areas are rarely
discussed. For example, control participants presented with sensible sentences versus not
sensible sentences activated right IFG, DLPFC, and MTG, as well as the left-hemisphere
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language network. Generally, activation of the right-hemisphere language network
is lower than the left hemisphere homologues or may not include all of the language
network [16,23]. While this may contribute to the trend of not acknowledging when
bilateral activation is observed, it seems likely that a prepotent belief about hemispheric
dominance also discourages investigators from interpreting right hemisphere activation
as truly necessary to healthy language processing. When discussed, right hemisphere
activation has sometimes been attributed to processing the prosody of language stimuli
(e.g., emotional prosody [24]), recognizing multiple meanings of words (e.g., [25–27]),
extracting the main idea or “gist” of discourse [28], or auditory processing of either the
stimuli or one’s own spoken output.

Other studies have specifically evaluated the role of the right hemisphere in language
tasks. For example, Patel and colleagues carried out an fMRI study of neurotypical par-
ticipants producing and listening to discourse on a variety of topics [29]. They identified
regions where similar neural activity was predicted by semantic similarity. They found
that spoken discourse on similar topics elicited similar activation patterns in a widely
distributed and bilateral brain network. This bilateral network was more extensive but
overlapped with regions where similar activation was associated with similar topics during
comprehension. Semantic similarity effects were bilateral, even while univariate activation
contrasts of these data were left-lateralized. This result suggests that the right hemisphere
homologues of the language network encode semantic properties even when they do
not show significant activation over baseline. The authors concluded that right hemi-
sphere homologues have a supportive role in processing the meaning of discourse during
comprehension and production.

Another study evaluated inter- and intra-hemispheric connectivity in processing un-
ambiguous versus semantically ambiguous words (homophonic homographs, such as bark
on a tree and bark of a dog, and heterophonic homographs, such as bass the fish vs. bass the
instrument) in neurotypical adults. For heterophonic homographs, they observed increased
connectivity within the left hemisphere, indicating top-down re-activation of orthographic
representations by phonological representations to process alternative meanings. For ho-
mophonic homographs, they showed bidirectional flow of information from left to right
and from right to left, indicating a greater role of the right hemisphere in understanding
these words [30].

2.3. The Role of the Cerebellum

Several recent reviews have discussed neuroanatomical and functional imaging evi-
dence for a strongly lateralized involvement of the right cerebellum in a variety of nonmotor
(as well as motor) language functions through functional and structural connections be-
tween the right cerebellum and language cortex [31–33]. The right cerebellum is at least
involved in monitoring and coordinating functions of the cortical language network. Many
functional imaging studies of language show activation of the right or bilateral cerebellum
as well as the right hemisphere homologues of the language network, although these
areas are often not mentioned in the text [34]. A recent coordinate-based meta-analysis of
the language processing of 403 experiments found that language primarily engaged the
bilateral fronto-temporal cortices, with the highest activation in the left pIFG but also the
left fusiform gyrus (FuG), bilateral auditory, and left postcentral regions. Importantly, they
also found strong bilateral subcortical and cerebellar contributions. The right cerebellum
was activated during a variety of speech production and visual and phonological language
tasks [35].

2.4. The Language Networks and Supporting Areas: Summary

This brief review of evidence from language processing in neurotypical individuals
supports the view that there exists a reliable left-hemisphere cortical language network that
includes the superior, middle, and inferior temporal cortex, Fu, pIFG, DLPFC, and IPC and
their connections. Additionally, there are left hemisphere areas that seem to be frequently
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engaged in language that may have a supportive role, including the superior frontal
gyrus (which includes the supplementary motor area (SMA) and the pre-supplementary
motor area (pre-SMA)), the cingulate gyrus, and their connections, especially with the
IFG. Additionally, both right hemisphere homologues of the language network and the
right cerebellum play critical supporting roles in neurotypical individuals. We propose
that these areas and their connections might be potentiated to help recover language after
stroke. Furthermore, connections between undamaged language network nodes and these
supporting regions can be strengthened to support recovery. In the next section, we review
imaging studies of language recovery in post-stroke recovery that provide some support
for this type of remapping underlying aphasia recovery.

3. Imaging Recovery via the Pre-Existing Right-Hemisphere Language Network

The dominant underlying mechanisms driving aphasia recovery are thought to shift
over time after stroke. Acute functional recovery is attributable to restoration of local
blood flow in perilesional (i.e., surrounding) tissue [36–38]. Over time, the mechanisms
of recovery shift. Subacute recovery is supported by increased activation of the right-
hemisphere language network [39] and driven by lesion extent and location within the left
hemisphere [7]. That is, while spared ipsilateral perilesional tissue plays a key role [40,41]
where left-hemisphere language network tissue is damaged, homologous contralateral
regions are engaged to a greater degree. If the entire left hemisphere is damaged, the right
MTG, SMG, and AG become most active in language [42].

More selective lesions are associated with more restricted right hemisphere engage-
ment. For example, a meta-analysis contrasting those with and without lesions in the left
IFG demonstrated that in those for whom the left IFG was preserved, activation of the
right frontal areas was limited to the anterior pars triangularis and MTG [9]. However,
in those for whom the left IFG was damaged, right-sided activation extended from the
pars triangularis to the dorsal pars opercularis, pars orbitalis, and pre- and post-central
gyrus. Irrespective of IFG lesion, activation of the right ventral pars opercularis and
left MFG was noted. Sebastian et al. longitudinally examined four participants with
naming deficits following stroke in the posterior cerebral artery (PCA, which does not
supply the traditional language network, so these areas were structurally intact) using
task-based and resting-state functional MRI [43]. During language tasks, participants
generally demonstrated robust activation of the bilateral language network, even when
measured acutely. Language recovery from the acute to chronic phase was associated
with greater balance of left- and right-dominant activation within the language network
and its homologues.

Language recovery in aphasia is supported further by domain-general processes
that arise from a bilateral network [44–46]. Because language tasks are presumably more
difficult for people with disordered language than those without, there may be greater
activation of regions supporting attention and cognitive control during language tasks
in people with aphasia than in those without. This can lead to ambiguity about how to
best interpret bilateral frontal activation in people with aphasia. However, taken together,
there is relative consensus that recovery of language involves the right STG and likely
the right SMA, middle frontal gyrus, precentral gyrus, AG, MTG, temporal pole, pSTS,
precuneus, insula, and anterior cingulate cortex [41], reflecting both domain-specific and
domain-general regions.

Multiple studies have observed changes in bilateral and right hemisphere homolo-
gous network connectivity associated with functional improvement following treatment
of aphasia. For example, in one trial, naming impairment was associated with poor co-
herence of low frequency BOLD fluctuations within and across the ipsilesional left and
contralesional right language cortex at the acute stage after PCA stroke, and functional
connectivity improved over time only in participants who showed good naming recov-
ery [43]. Another trial contrasted pre- and post-treatment connectivity and found that
pre-treatment fluctuations in BOLD signal and synchrony of fluctuations across regions
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(amplitude of low-frequency fluctuations) measured in the right MTG were associated with
greater treatment response [47]. In the same sample, post-treatment fluctuations in the left
MTG and STG and right IFG were associated with greater treatment response. Treatment
was associated with restored connectivity between the left MTG and STG and between
the right and left IFG. Connectivity of the right pars triangularis [48] and bidirectionally
between the right pars triangularis and left fusiform gyrus [49] have been associated more
specifically with recovery of concrete words.

However, sustained, greater than normal interhemispheric connectivity is not a posi-
tive sign for all individuals when considering all paired regions and functions. The complex
landscape of changing function and changing activation is only beginning to be disentan-
gled [50]. However, the granular knowledge of these systems will be crucial to individualiz-
ing treatment and predicting outcomes in future individuals. Predictably, it is the extent to
which connectivity is preserved at baseline that significantly predicts treatment outcomes
(in fMRI [51], EEG [52–54], and in functional near-infrared spectroscopy [55]). While acute
interhemispheric connectivity in stroke survivors with language deficits is below that of
normal age-matched adults, the magnitude of change can reflect an over-correction or
“hyper-normalization” and can be negatively correlated with functional improvement. For
example, greater magnitude of increased functional connectivity between the right and left
dorsal frontoparietal and dorsal prefrontal areas has been associated with poorer response to
treatment of spelling [56]. However, the authors note that connectivity after treatment was
not associated with poorer accuracy (just a smaller change in accuracy), arguing against
a maladaptation interpretation of their findings. In an electroencephalographic dynamic
causal modeling study, reduced coupling between the right IFG and pSTG was associ-
ated with the best recovery [53]. Consistently, normal-like levels of connectivity within
a left-dominant language network result in optimal levels of function and the greatest
improvement [14,57,58]. This association is also found when examining global measures of
network fidelity [59,60] and dynamics [61,62].

These observations add nuance to our understanding of the right-hemisphere language
network’s role in functional recovery. Studies converge in showing that the best recovery is
generally seen when the normal, left-hemisphere language network is adequately spared
such that enhanced dependence on the right homologous network is not needed. However,
when the normal left-hemisphere language network is sufficiently damaged such that
normal or compensatory intrahemispheric connectivity cannot be restored, at least part of
the right homologous network is often recruited to support language recovery.

4. Treatments Aimed to Engage Supportive Areas or Connections to Promote Recovery
4.1. Treatments Thought to Engage Right Homologous Network

Various intervention strategies for aphasia are thought to stimulate the right-hemisphere
language network, such as those that incorporate music, musical techniques, and drawing.
Often, multimodal approaches are introduced in combination to provide communication
intervention and support for people with aphasia. Studies have also explored methods
involving experimental manipulations to attention and intention, as well as neurostimula-
tion of the right cerebellum, with the aim of improving outcomes. While not all of these
approaches have been employed sufficiently broadly and diversely to generate the highest
quality evidence of their efficacy (e.g., clinical trials of individual strategies and subsequent
meta-analyses), taken together, they provide an important line of evidence for the utility of
incorporating right-hemisphere dominant tasks in language treatment.

4.2. Music-Based Treatments

Music-based approaches incorporate such elements as intoned speech, melodic con-
tour, metrical timing, rhythmic tapping, and unison production and are broadly aimed at
facilitating speech output by improving one’s speech fluency [63,64]. Treatment protocols
for aphasia involving music and musical techniques include Melodic Intonation Therapy
(MIT [65]), Speech Music Therapy for Aphasia [66], SIPARI® [67], and other music-based
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methods that incorporate singing, melody, and rhythm [64,68]. MIT—which has the largest
research evidence base of the music-based intervention approaches for aphasia— integrates
melody via varied intonation and rhythm via left-hand tapping during verbal expres-
sion [69]. During MIT, the participant is guided to produce a slower rate of articulation
with continuous voicing, which is thought to reduce dependence on the left hemisphere and
engage the right hemisphere. The participant is also guided to tap their left hand, which is
thought to provide pacing and continuous cueing for syllable production and to engage
the sensorimotor network in the right hemisphere [69,70]. Treatment progresses along
hierarchies of token complexity and clinician support, initially beginning with two-syllable
words/phrases and greater clinician support and advancing to longer phrases with less or
no clinician support [70].

In terms of behavioral outcomes in people with aphasia, reviews of MIT report positive
effects on participants’ word and sentence repetition ability, story retelling, and phrase
length, with smaller effects seen in measures of functional, everyday communication and
variable effects seen in measures of comprehension [71–73] One group [73] conducted a
review of MIT clinical trials that included imaging and found that the right hemisphere
brain regions activated by MIT included areas of the frontal motor cortex, including the
pIFG, auditory cortex (including the STG and MTG), and the parietal cortex (including the
angular gyrus and gyrus). Another study [63] found evidence of changes in activation in
various right hemisphere regions, including the pSTG, pIFG, inferior pre-central gyrus,
postcentral gyrus, pre-SMA, and SMG, following participation in MIT. In reviews of other
music-based interventions, improvements in speech outcomes, such as word and sentence
repetition, and language outcomes, such as improved conversational informativeness,
are noted [74,75]. Interestingly, individuals with co-occurring aphasia and motor speech
deficits seem to benefit more from music-based interventions compared to participants with
aphasia without co-occurring motor speech deficit. This may suggest a motor-speech-based
mechanism of improvement [64].

4.3. Drawing

Drawing is another modality used in aphasia interventions that is thought to engage
the right hemisphere. While drawing often serves as an alternative, compensatory means
of communication for people with aphasia (i.e., in lieu of verbal speech in moments
of anomia), it is also used as a treatment element in multimodal, restorative treatment
approaches designed to facilitate improvements in verbal speech. Drawing is thought to
facilitate a different level of semantic processing and a different approach to accessing
one’s semantic system by increasing the person’s attention to an object’s structural and
perceptual characteristics—or in other words, its visual features [76,77]. This differs from
other modalities such as writing, which relies on a lexical route to phonological output
and engages the left hemisphere [78]. Drawing has been found to increase accurate
naming in significantly more instances than writing [76,78]. Relatedly, fMRI studies have
shown that in a group of people with aphasia, drawing produces stronger activation
in the right hemisphere compared to writing, indicating that drawing differentially
engages the brain compared to a linguistically-based task like writing [76,79]. When
drawing an object, its semantic features are activated, which is thought to potentially
eliminate semantic competitors that do not share semantic features with the target and
to subsequently facilitate target retrieval and production [78]. Additionally, it has been
proposed that the fixed nature of drawn symbols may facilitate success in retrieving or
activating an object’s name by serving as a non-transient representation of the underlying
concept [80].

Systematic reviews assessing the effectiveness of drawing in improving language
outcomes are limited in number, primarily because drawing is typically integrated as
one of several components within multimodal treatments for aphasia. Consequently,
these reviews cannot parse out the unique contributions of drawing on improvements
seen in language outcomes following such multi-modal treatment approaches. Alongside
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gesturing and writing, drawing is one of the modalities included in Multi-Modality Aphasia
Therapy [81], Promoting Aphasics’ Communicative Effectiveness [82], and the ongoing
clinical trial for treating subacute-chronic post-stroke aphasia via telemedicine, PICTURE IT
(NCT05845047). Reports examining the effectiveness of multimodal approaches that include
drawing combined with semantic feature cueing and other communicative modalities
(e.g., gesturing) generally report improvements in naming [83]. Case reports and treatment
studies that have isolated drawing as the sole element of treatment, such as Back to the
Drawing Board [84] and Functional Drawing Training [85], primarily aim to increase people
with aphasia’s use of drawing as a means of communication (e.g., in the case of severe
expressive aphasia) or to improve their drawing ability/quality, and thus, the extent to
which such approaches result in improvements in the more standardized, impairment-
based language outcomes is not clear.

4.4. Attention and Intention Treatments

Manipulations to attention and intention have also emerged as promising strategies
to engage the right hemisphere during language tasks. Manipulating spatial attention
during naming/treatment activities, by directing attention to the left visual space, is
hypothesized to transfer language function to the right hemisphere [86]. Several studies
have demonstrated that placing stimuli in the left hemispace, which may be engaging
spatial attention mechanisms in the intact right hemisphere, can improve people with
aphasia’s language performance [86–88]. Intention treatments aim to shift the lateralization
of language production to right frontal structures by incorporating complex left-hand
movements that engage the pre-SMA area [89]. A number of studies have reported that
performing complex, multi-stage movements with the left-hand during naming tasks results
in improved naming accuracy and can lead to higher concentrations of activity in the right
frontal lobe following the treatment [90–92]. In one study [93], the investigators compared
naming outcomes in a cohort of 34 people with moderate to profound aphasia following
both attention and intention treatment conditions. They found that all participants showed
significant improvements in naming following both treatment conditions; however, the rate
of improvement was greater in the intention treatment condition for those with moderate
and severe aphasia. These findings underscore the potential that attention and intention
manipulations can enhance recovery outcomes.

4.5. Non-Invasive Brain Stimulation

Non-invasive brain stimulation (NIBS) techniques most commonly refer to the appli-
cation of repetitive transcranial magnetic stimulation (rTMS) or transcranial direct current
stimulation (tDCS), though transcranial alternating current stimulation (tACS) has also
been explored [94]. In contrast to the behavioral approaches to aphasia rehabilitation
reviewed thus far, NIBS may be applied concurrently with (theoretically) any behavioral
approach in the hope of enhancing the therapeutic benefit due to the physiological effects of
neurostimulation on synaptic plasticity (that is, generating or inhibiting action potentials).
While TMS and tDCS are applied using differing devices and, subsequently, have differing
safety profiles, the underlying physiological mechanism of proposed augmentation is
comparable. One way in which strategies for applying NIBS differ beyond stimulation
site is in whether they apply inhibitory stimulation to the homologous regions in the right
hemisphere or excitatory stimulation to the ipsilateral, ideally preserved regions. There are
multiple systematic reviews of the literature on the efficacy of NIBS in the treatment of apha-
sia [95–98]. These meta-analyses generally conclude that there is a small but measurable
augmentative effect of NIBS, though it may vary due to individual factors (e.g., genetics,
age) and lesion characteristics [99,100].

An example application of neurostimulation that provides unique insight into the
present discussion of the right-hemisphere language network is the application of tDCS
to the right cerebellum. Two studies investigating the efficacy of neuromodulation to the
right cerebellum have demonstrated that pairing right cerebellar transcranial direct current
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stimulation (tDCS) with behavioral treatment may be a promising avenue through which
to augment behavioral treatment outcomes. In one study, a participant who had sustained
bilateral strokes and was experiencing anarthria participated in a course of therapy in
which right cerebellar tDCS (initially a sham condition followed by an active condition)
was coupled with behavioral spelling therapy [101]. Results included significant improve-
ments in the participant’s spelling accuracy (to dictation) for both trained and untrained
words following both conditions; however, improvements were greater in the active tDCS
condition compared to the sham condition. Notably, improvements in spelling accuracy for
untrained words and generalization to written picture naming were exclusively observed
following the active tDCS condition [101]. Furthermore, imaging results indicated increased
cerebro-cerebellar resting state functional connectivity following treatment, suggesting
potential modifications to the underlying networks supporting spelling as a result of right
cerebellar tDCS. In another study, a group of 21 participants with chronic post-stroke apha-
sia participated in a randomized, double-blind, sham-controlled, within-subject crossover
design experiment in which the right cerebellar tDCS (again, either sham or active) was
coupled with a computerized program of word picture matching [102]. Similar to the
findings from the case study, improvements in the outcome for untrained targets were
only seen following the active condition. These findings suggest that tDCS over the right
cerebellum (with concomitant behavioral treatment) enhances language recovery compared
to sham stimulation. Additionally, it appears to increase connectivity between the right
cerebellum and the right and left language networks as well as within the right and left
language networks.

5. Conclusions

Here we have reviewed studies that have shown that a network of right hemisphere
areas homologous to the language network and the right cerebellum have a supportive
role in language in neurotypical individuals. We have also reviewed evidence that some
people with aphasia remap language to these supportive areas or show increased functional
connections between these areas and left-hemisphere language network as they recover
language. Finally, we discussed behavioral interventions designed to engage the right
hemisphere to promote language recovery using music, drawing, gesture, attention, or
pragmatics. Other studies have shown the benefit of stimulating the right cerebellum to
increase connections between the cerebellum and language network areas in both hemi-
spheres to augment aphasia recovery. Together, these studies indicate that one successful
approach to language improvement is to augment remapping of language to the right
hemisphere, or right cerebellar–cortical connections.
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Abbreviations

AG Angular gyrus
DLPFC Dorso-lateral prefrontal cortex
FuG Fusiform gyrus
IFG Inferior frontal gyrus
IPC Inferior parietal cortex
MTG Middle temporal gyrus
Pre-SMA Pre-supplementary motor area
SMA Supplementary motor area
SMG Supramarginal gyrus
STG Superior temporal cortex
STS Superior temporal sulcus
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Abstract: Introduction: Stroke survivors often have motor impairments and related functional
deficits. Transcranial Electrical Stimulation (tES) is a rapidly evolving field that offers a wide range
of capabilities for modulating brain function, and it is safe and inexpensive. It has the potential
for widespread use for post-stroke motor recovery. Transcranial Direct Current Stimulation (tDCS),
Transcranial Alternating Current Stimulation (tACS), and Transcranial Random Noise Stimulation
(tRNS) are three recognized tES techniques that have gained substantial attention in recent years
but have different mechanisms of action. tDCS has been widely used in stroke motor rehabilitation,
while applications of tACS and tRNS are very limited. The tDCS protocols could vary significantly,
and outcomes are heterogeneous. Purpose: the current review attempted to explore the mechanisms
underlying commonly employed tES techniques and evaluate their prospective advantages and
challenges for their applications in motor recovery after stroke. Conclusion: tDCS could depolarize
and hyperpolarize the potentials of cortical motor neurons, while tACS and tRNS could target specific
brain rhythms and entrain neural networks. Despite the extensive use of tDCS, the complexity of
neural networks calls for more sophisticated modifications like tACS and tRNS.

Keywords: tES; tDCS; tACS; tRNS; stroke; motor recovery

1. Introduction

Stroke results from damage to the central nervous system [1]. The typical symptoms
caused by stroke can include motor deficits like muscle weakness, impaired coordination,
and spasticity; cognitive impairments affecting memory, attention, and problem-solving;
speech and language difficulties; and emotional disturbances, such as depression and
anxiety [2]. Transcranial Electrical Stimulation (tES) is a rapidly developing field that has
gained considerable attention for its potential in post-stroke motor recovery over the past
two decades. This technique applies an electric field to the scalp surface to modulate brain
activity. In fact, instead of using high-intensity stimulation current in the early efforts,
contemporary tES applies a weak electric current (1~2 mA) to the scalp to modulate the
cortical excitability [3]. tES can be classified into Transcranial Direct Current Stimulation
(tDCS), Transcranial Alternating Current Stimulation (tACS), and Transcranial Random
Noise Stimulation (tRNS) [4]. Compared to other Non-Invasive Brain Stimulation (NIBS)
techniques like Transcranial Magnetic Stimulation (TMS), the popularity of tES arises from
several factors. First, when applied within guidelines, it is non-invasive and relatively safe,
with minimal side effects and risks. Second, its low cost and portability make it accessible
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for various research and therapeutic purposes. Finally, it offers ease of operation and
customization, allowing researchers and clinicians to tailor its use to meet specific goals [5].
However, various tES techniques have limitations that challenge their clinical efficacy and
the replication of research findings.

Recent reviews suggest that tDCS can modulate cortical excitability and potentially
benefit motor recovery in stroke survivors [6–9]. However, when combined with physical
therapy, several other reviews have indicated that tDCS might not consistently augment
the effects [10–13]. While tDCS has been widely studied for stroke motor recovery, research
on tACS in this field is still comparatively limited. Takeuchi and Izumi [14] reviewed the
potential of tACS to enhance motor function and concluded that, although targeting brain
oscillations with tACS shows promise for improving motor learning, further research is
necessary to provide more conclusive evidence. The review also highlights the potential
for a synergistic effect on motor learning when combining tACS with other neurorehabil-
itation methods. Yang et al. [15] also reviewed relevant tACS studies in stroke recovery,
finding that tACS is linked to improvements in overall functional recovery, sensorimotor
impairment, aphasia, and hemispatial neglect. Despite the common advantages, emerg-
ing tES methods employ distinct mechanisms to modulate cortical excitability, and the
paradigms for applying tES are continually evolving. However, the efficacy of tES in stroke
motor recovery presents challenges, and there is not yet a definitive conclusion regarding
which technique could optimize the benefits of stroke neurorehabilitation. This review
aims to explore the potential of tES for improving upper-limb motor recovery in stroke
survivors. We will compare the mechanisms and neuromodulatory effects of tDCS, tACS,
and tRNS in both healthy individuals and stroke patients. Additionally, we’ll analyze the
advantages and disadvantages of each technique, suggesting future applications of tES in
stroke motor recovery. The findings of this review will provide researchers with a deeper
understanding of the mechanisms, paradigms, and potential future applications of tES in
this important area.

2. Literature Search

We conducted a PubMed literature search using keywords “tDCS/tACS/tRNS”, “pri-
mary motor cortex”, “cortical excitability”, and “healthy/stroke” to identify relevant studies
published between 2014 and 2024. We excluded studies that did not apply stimulation
over the primary motor cortex. After applying these criteria, 79 studies were included:
54 investigating tDCS, 16 investigating tACS, and 9 investigating tRNS.

3. Stroke Upper Limb Motor Recovery

Muscle weakness or paralysis on one side of the body can severely impact upper
limb function in stroke survivors. This impairment may present as difficulty performing
simple movements or a complete inability to use the affected arm and hand. These motor
deficits can significantly disrupt activities of daily living—dressing, feeding, and personal
care—thus substantially diminishing the stroke survivor’s autonomy and life quality [16].
A previous review has indicated that approximately 80% of individuals post-stroke experi-
ence upper limb impairments early in the recovery process, with a minority achieving full
functional restoration by six months [17]. Abnormal motor synergies can often be observed
in the upper limb functions of stroke survivors, such as abnormal reaching movements
characterized by shoulder abduction and elbow flexion instead of the normal shoulder flex-
ion and elbow extension. Additionally, adaptations in reaching and grasping movements
may occur due to sensory impairments [16]. In clinical settings, a well-accepted three-stage
motor recovery framework has been proposed: flaccid, spastic, and recovered [18]. Recov-
ery from stroke is a long journey; for some stroke survivors, it could last a lifetime. The
success of stroke recovery requires collaboration among patients, doctors, therapists, and
family members [19]. Current consensus indicates that rehabilitative interventions are most
effective when they provide early, intensive, task-specific, and multisensory stimulation.
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Integrating both bottom-up and top-down processes is advantageous for promoting brain
plasticity [20].

4. Transcranial Direct Current Stimulation (tDCS)

In the early 2000s, Nitsche and Paulus [21] proposed an approach to modulating corti-
cal excitability by applying an anodal electrode that delivers constant current to the motor
cortex and a cathodal electrode to the contralateral forehead (Figure 1A). They discovered
that this specific electrode arrangement enhanced motor cortex excitability, attributed to
the anodal stimulation depolarizing the motor neuron membrane, thereby potentiating
action potentials. Conversely, cathodal stimulation results in the hyperpolarization of the
membrane. This initial experiment with tDCS laid the groundwork for tES neuromodula-
tion, leading studies to apply tDCS across various fields. Furthermore, at the molecular and
cellular levels, the modulation associated with tDCS may be linked to activity in various
neurotransmitter systems, including glutamatergic, GABAergic, dopaminergic, serotoner-
gic, and cholinergic pathways [22]. In fact, the mechanism of tDCS can be interpreted in
two parts: the acute effect (online effect) and the plastic effect (offline effect). In the acute
phase, the action potential of the neuronal membrane is determined by afferent activity
via electrical and chemical synapses and also by extra-synaptic substances, which activate
specific ion channels and receptors [23–25]. On the other hand, neuroplasticity can also be
observed following tDCS. Neuroplasticity refers to the brain’s ability to change its structure
and function at the level of individual neurons or throughout entire neuronal networks [26].
When the membrane of glutamatergic synapses is depolarized or hyperpolarized, tDCS
may increase or decrease the amount of calcium flow through the N-methyl-D-aspartate
(NMDA) receptor and calcium channels. Depending on the changes in intraneuronal cal-
cium levels, glutamatergic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors can be inserted into or removed from the subsynaptic membrane, consequently
improving or reducing synaptic connectivity [23,25,27]. Furthermore, changes in intracellu-
lar calcium levels can contribute to long-term potentiation (LTP) or long-term depression
(LTD), which are further influenced by the intensity and varying protocols of tDCS [23,28].
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The red waveform represents the anodal current, and the blue waveform represents the cathodal
current in tDCS and tACS. tDCS features a constant, flat waveform, while the waveform of tACS
varies according to its frequency, and tRNS exhibits a waveform with a randomized frequency.
In tDCS, the anode increases neural excitability while the cathode decreases it. However, tACS
uses a sinusoidal waveform, meaning the current alternates between positive and negative values,
minimizing the distinction between anodal and cathodal effects [29]

Despite the diverse mechanisms proposed, tDCS has been extensively studied for
its ability to modulate excitability in the motor cortex. Owing to its polarity feature, con-
ventional tDCS applications involve placing the anodal electrode over the primary motor
cortex (M1) and the cathodal electrode over the supraorbital region of the prefrontal cortex.
In healthy subjects, applying the anodal electrode over M1 has shown modulation effects
in numerous studies, employing a wide range of outcome measures. Notturno et al. [30]
applied tDCS with an intensity of 1 mA for 20 min at the M1 area and observed an increase
in cortical low alpha-band power and beta-band brain connectivity following anodal tDCS.
Romero Lauro et al. [31] explored the broader effects of tDCS on cortical excitability, find-
ing significant shifts in global excitability and increased cortical activity during and after
anodal tDCS application. However, they also reported that both anodal and cathodal tDCS
resulted in widespread changes in regional cerebral blood flow (CBF) compared to sham
tDCS. Similarly, Jamil et al. [32] reported that anodal tDCS over M1 increased CBF, and
more so at higher intensities. In addition, more recent studies have demonstrated increased
Motor Evoked Potentials (MEPs) following a specific period of time and intensity of anodal
tDCS stimulation over M1 [33–38].

In stroke survivors, damage to the motor cortex can lead to impaired motor function
and muscle weakness. Given its ability to modulate cortical excitability, tDCS is increasingly
applied in the rehabilitation of motor function in stroke survivors. In studies focusing on
unilateral tDCS application with therapy, Allman et al. [39] combined anodal tDCS at the
M1 ipsilesional site with the Graded Repetitive Arm Supplementary Program (GRASP) for
9 days. They reported significant improvements in the Action Research Arm Test (ARAT)
and the Wolf Motor Function Test (WMFT) among the anodal tDCS group, along with in-
creased cortical activity in the ipsilesional premotor and motor areas from fMRI and longer
retention of benefits compared to the sham group. Halakoo et al. [40] evaluated the impact
of anodal tDCS on spasticity and muscle activity in sub-acute stroke patients’ wrists. They
reported significant reductions in wrist flexor spasticity and increased activity in both wrist
flexor and extensor muscles immediately and one-month post-intervention in the tDCS
group compared to controls. Llorens et al. [41] examined the effects of combining tDCS
with virtual reality (VR)-based therapy for chronic stroke patients. The result indicated that
this approach significantly enhanced upper limb motor function, surpassing the outcomes
of conventional physical therapy. Additionally, Kashoo et al. [42] investigated the benefits
of combining tDCS with motor imagery (MI) and upper-limb motor training in chronic
stroke rehabilitation. In conjunction with MI and functional training, they discovered that
anodal tDCS stimulation applied to the affected M1 effectively reduced impairment and
enhanced recovery in upper limb function. Furthermore, Ehsani et al. [43] applied anodal
tDCS over the M1 of the ankle muscles with physical therapy. The group receiving the
combined intervention showed improved EMG activity and more sustained clinical im-
provements. In addition, unilateral tDCS shows promise in enhancing physical therapy for
lower limb recovery in stroke survivors. Seo et al. [44] observed enhanced walking function
with anodal-tDCS and robotic-assisted gait training, with improvements in Functional
Ambulatory Category (FAC) scores and the 6 min walk test four weeks post-treatment.
Ehsani, Mortezanejad, Yosephi, Daniali, and Jaberzadeh [43] reported that anodal-tDCS
reduced spasticity and improved muscle activity and balance, with lasting effects for a
month. Qurat Ul et al. [45] showed that tDCS targeting the cerebellum or motor cortex,
combined with virtual reality training, improved balance, gait, and cognition without
significant differences between target areas. Interestingly, Duan et al. [46] demonstrated
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that even cathodal-tDCS with rehabilitation significantly improved lower limb function, as
evidenced by FMA-LE scores and gait measures in subacute stroke patients.

Following a stroke, both the ipsilesional and contralesional hemispheres undergo
significant changes. While the ipsilesional hemisphere’s alterations are directly linked to
motor deficits, the contralesional hemisphere plays a more complex role in recovery. The
contralesional hemisphere can support recovery by compensating for lost functions in the
ipsilesional hemisphere [47]. However, its increased activity can also become maladaptive,
hindering recovery by disrupting relearning processes in the damaged hemisphere [47–49].
Therefore, recent studies have modified their protocols by applying bi-hemispheric stimu-
lation, aiming to regulate the imbalance between the hemispheres. In this approach, the
anode is placed over the ipsilesional M1, and the cathode is positioned over the contrale-
sional M1. Goodwill et al. [50] investigated the effects of a 3-week dual-tDCS combined
with upper limb rehabilitation in chronic stroke survivors. The findings revealed that
real-tDCS improved motor function and maintained these gains at a 3-week follow-up.
Additionally, real-tDCS led to increased MEP amplitudes and enhanced corticospinal plas-
ticity. Lefebvre et al. [51] reported that combining motor learning with dual-tDCS in stroke
survivors increased functional brain connectivity, particularly in motor and premotor re-
gions, suggesting improved cortical network efficiency. Kuo et al. [52] combined dual-tDCS
with paretic hand exercise in subacute stroke survivors, and they reported that dual-tDCS
successfully modulated ipsilesional M1 excitability and inter-hemispheric balance. More-
over, Garrido et al. [53] observed significant motor function improvements in acute and
subacute stroke patients using dual-tDCS with constraint-induced movement therapy.

In addition, Andrade et al. [54] explored the impact of different tDCS montages on
fall prevention and lower limb function in acute stroke patients, applying anodal, cathodal,
bilateral, and sham tDCS across ten sessions over two weeks. The findings revealed that all
active tDCS groups experienced reduced fall risks and improved lower limb function, with
dual-tDCS stimulation showing the most significant benefits. Youssef et al. [55] compared
the efficacy of dual-tDCS to anodal-tDCS in boosting motor function in sub-acute ischemic
stroke survivors, finding substantial improvements in motor skills for both upper and
lower limbs in both groups, with no discernible difference in effectiveness between the
two tDCS approaches. Moreover, studies have also shown that combining dual-tDCS with
physical therapy significantly enhances outcomes [56,57].

5. Transcranial Alternating Current Stimulation (tACS)

Brain activity exhibits rhythmic patterns that oscillate at specific frequencies. Unlike
tDCS, which delivers a constant direct current, tACS applies weak sinusoidal currents
at a fixed frequency, aiming to entrain the brain’s endogenous oscillations (Figure 1B).
tACS does not significantly alter the overall rate of action potentials. Instead, it modulates
the timing of neuronal spikes, resulting in a phase shift in endogenous oscillations, i.e.,
entrainment [58,59]. The modulation effect of tACS can also be explained through the
concept of the Arnold tongue, which represents a triangular relationship between stimu-
lation frequency and amplitude. This triangular area is centered at the frequency of the
endogenous oscillation, illustrating how the effectiveness of tACS is influenced by the align-
ment of external stimulation parameters with the brain’s natural frequencies [58,60,61]. In
addition, Ali, Sellers, and Frohlich [61] utilized large-scale simulations of cortical networks
to investigate how tACS modifies these networks. They discovered that tACS entrainment
can be mediated by the resonance dynamics of the brain. Liu, Voroslakos, Kronberg, Henin,
Krause, Huang, Opitz, Mehta, Pack, Krekelberg, Berenyi, Parra, Melloni, Devinsky, and
Buzsaki [3] also summarized that stochastic resonance, rhythm resonance, temporal biasing
of neuronal spikes, entrainment of network patterns, and imposed patterns could affect the
effect of tACS. In general, tACS’s widespread effects are attributed to two synergistic mech-
anisms: entrainment and neuroplasticity. Entrainment occurs when an external rhythm
influences another system, causing it to synchronize its frequency and phase. Neuroplastic-
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ity, involving LTP/LTD processes, reinforces these online effects by either strengthening or
weakening neural connections based on their activity levels [62,63].

As anticipated, tACS has demonstrated its capability of modulating cortical excitabil-
ity when applied over M1 with various frequencies. Fresnoza et al. [64] observed that
individual alpha frequency tACS increased MEP amplitudes post-stimulation in both
young and old individuals, with a stronger effect in the young. The same group later also
found that tACS improved old adults’ gross motor sequence scores [65]. Suzuki et al. [66]
applied 10 Hz and 20 Hz tACS to the hand motor area for 20 min. Their findings revealed
increased corresponding oscillatory activity at both frequencies in magnetic resonance
images, demonstrating frequency-specific effects on motor cortex function. In addition,
Guerra et al. [67] investigated the effects of beta and gamma tACS applied over M1 on repet-
itive finger tapping in healthy subjects. Their findings revealed that beta tACS decreased
movement amplitude while gamma tACS increased it. However, other movement parame-
ters and MEPs remained unchanged, suggesting a specific role for beta and gamma brain
oscillations in the control of repetitive finger movements. Similarly, Miyaguchi et al. [68]
explored the impact of beta and gamma tACS on motor performance by applying them
to the M1 and cerebellar cortex in healthy adults. The study found no impact of beta-
oscillation tACS on motor performance. However, gamma-tACS applied to M1 and the
cerebellum significantly improved motor performance. Later, the same group investigated
the impact of gamma-tACS on motor learning. They found that gamma-tACS significantly
enhanced motor learning retention compared to sham stimulation. However, there were no
differences in initial learning efficiency or the ability to re-learn between the gamma-tACS
and sham groups [69]. Conflicting outcomes have also been reported. Geffen et al. [70]
assessed the effects of slow oscillatory tACS (0.75 Hz) on motor cortex responsiveness in
healthy subjects. Their results showed a significant increase in MEP amplitude following
tACS. However, the study found no phase-dependent changes in excitability, suggesting
that entrainment of endogenous neural oscillations might not be the primary mechanism
underlying the observed effects. Pozdniakov et al. [71] reported that applying tACS at
alpha and beta frequencies over M1 can increase cortical excitability during stimulation,
especially at the beta frequency of 20 Hz. However, these excitability enhancements did
not persist after the stimulation had ceased, indicating a lack of lasting offline effects.
Therefore, applying tACS over the M1 region shows promise for modulating cortical ac-
tivity, as demonstrated by changes in MEPs and cortical coherence. Importantly, different
stimulation frequencies likely yield distinct modulation effects. However, direct evidence
demonstrating that neural entrainment causes the observed changes in cortical excitability
remains elusive.

Despite the extensive body of literature on applying tDCS to stroke survivors, the imple-
mentation of tACS on individuals with stroke remains considerably restricted. Chen et al. [72]
investigated the effects of tACS at different frequencies on brain network integration and
segregation in chronic stroke patients. The findings indicated that 20 Hz tACS might
facilitate local segregation in motor-related regions and global integration at the whole-
brain level. Naros and Gharabaghi [73] demonstrated that individualized tACS improved
neurofeedback intervention accuracy in chronic stroke patients. Schuhmann et al. [74]
found that high-definition tACS (HD-tACS) at alpha frequency effectively ameliorated
hemi-spatial neglect symptoms in stroke patients by shifting attentional resources towards
the contralesional hemifield. Wu et al. [75] reported significant neurological improvements
in subacute stroke patients treated with tACS, as evidenced by reduced National Institutes
of Health Stroke Scale scores. Later, Xie et al. [76] explored the benefits of 6 Hz tACS for
chronic post-stroke aphasia, noting significant enhancements in various aspects of language
performance, specifically in patients receiving active tACS targeted at the supplementary
motor area.
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6. Transcranial Random Stimulation (tRNS)

tRNS can be regarded as an adaptation of tACS, characterized by its delivery of stimu-
lation across a wide frequency range instead of a single, fixed frequency (Figure 1C). Even
if the exact physiological mechanisms of tRNS are not fully understood, following the
mechanisms of tACS, former studies suggest that the modulation effects of tRNS may be
enhanced by stochastic resonance and by repetitive activation of sodium channels that
occur due to rectification when high-frequency stimulation is applied [77–79]. Interestingly,
studies by Terney et al. [80] and Moret et al. [81] have found that the modulatory effects of
tRNS are most pronounced within a wide-range high-frequency spectrum (100–700 Hz).
This observation could be attributed to insufficient noise levels failing to adequately in-
fluence the activity of Na+ channels, thereby affecting their modulation [81]. In addition,
Chaieb et al. [82] explored the effects of tRNS (101–640 Hz) on M1 cortical excitability
and found that a 5 min application of tRNS led to a significant increase in excitability.
Abe et al. [83] explored how tRNS (0.1–640 Hz) affects corticospinal excitability and motor
performance. The study found that tRNS significantly increased MEP amplitudes and
motor performance in healthy participants. Similarly, a recent review suggested that tRNS
has the potential to increase motor cortex excitability, and this excitability enhancement is
found to be dependent on the width of the frequency range used, the stimulation intensity,
and duration [84].

In stroke motor recovery, a study investigating the combined effects of tRNS and upper
limb training in stroke patients revealed that participants in the tRNS group exhibited
significantly improved outcomes than the sham group [85]. Hayward et al. [86] explored
whether tRNS applied over M1 can enhance upper limb recovery during reaching training
in four stroke survivors with severe arm paresis. Participants underwent 12 training
sessions, receiving either active or sham tRNS. They reported no adverse events and
notable clinical improvements in motor outcomes in the active and sham groups. Moreover,
Anwer, Waris, Gilani, Iqbal, Shaikh, Pujari, and Niazi [6] examined the combination of
tRNS and functional electrical stimulation (FES) for improving upper extremity function
in individuals with moderate-to-severe stroke for 18 sessions. Results showed significant
improvements were observed in upper extremity impairment and function in the tRNS
group, with no significant differences in motor function or grip strength between the groups.

7. Challenges in Transcranial Electrical Stimulation (tES)

Nevertheless, it is crucial to recognize that challenges in replication can arise, poten-
tially impacting the reliability of conclusions drawn about the efficacy of tES techniques. In
tDCS, Horvath et al. [87] pointed out that inter-subject variability, intra-subject reliability,
challenges with sham stimulation and blinding, the impact of motor and cognitive activities
on tDCS effects, and factors influencing electric current flow like hair thickness and elec-
trode attachment methods should be carefully considered in the tDCS studies. In fact, a few
recent studies have suggested that tDCS may not enhance cortical connectivity in healthy
participants. Jonker et al. [88] investigated the impact of anodal tDCS applied over the M1
on cortical excitability in healthy participants, using MEPs as the measure. Despite previous
findings suggesting that anodal tDCS can increase cortical excitability, this double-blind,
placebo-controlled trial found no significant effect of tDCS on cortical excitability, nor did it
find any interaction with individual-specific factors. Kudo et al. [89] investigated the effects
of tDCS on corticomuscular coherence (CMC) and MEPs. CMC represents a measure of
functional connectivity between cortical activity and muscular activity. However, their
study found that tDCS did not significantly modulate either measure. Apsvalka et al. [90]
investigated if anodal tDCS applied to M1 could enhance motor skill acquisition. The re-
sults indicated no significant benefit of active stimulation over sham in observing keypress
sequences. Moreover, Gardi et al. [91] investigated the impact of tDCS device type and
electrode size on cortical excitability. They reported that no significant differences were
found in cortical excitability changes between different devices or electrode sizes, nor was
there a significant effect of anodal tDCS alone.
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Similar findings have also been reported in stroke rehabilitation concerning tDCS
efficacy in augmenting stroke rehabilitation. In contrast to healthy individuals, the chal-
lenges of applying tDCS to stroke survivors can arise from the interhemispheric inhibition
model and montage, optimal dose and safety concerns, interindividual variability, subject
selection, outcome measures, or medication use [92]. Despite the positive outcomes from
above, Rossi et al. [93] applied anodal tDCS to the affected M1 hemisphere in acute stroke
patients. The motor deficits were evaluated using the Fugl-Meyer motor scale (FM) and the
National Institute of Health Stroke Scale (NIHSS). The study found that both active and
sham groups showed significant improvements in NIHSS and FM scores over time, but
there was no significant difference in clinical outcomes between the anodal TDCS and sham
groups. Similarly, Au-Yeung et al. [94] found that a 20 min session of cathodal tDCS applied
to the contralesional M1 in chronic stroke survivors significantly improves hand dexterity.
However, no significant hand dexterity improvements were observed with anodal tDCS
targeting the lesioned hemisphere’s M1. Hamoudi et al. [95] explored the impact of anodal
tDCS on motor skill learning in chronic stroke patients. They reported that while tDCS
augmented motor skill learning during the online phase, these improvements were limited
to the specific skills learned and did not generalize to broader motor functions.

Moreover, when combining tDCS with physical therapy in clinical practice, some
studies have shown that tDCS does not augment the effectiveness of physical therapy.
Straudi et al. [96] examined the effects of combining dual-tDCS with Robotic Assisted
Training (RAT) for upper extremities in stroke survivors. Participants received either real or
sham tDCS along with robotic therapy for 10 sessions. The results indicated that dual-tDCS
might enhance the benefits of robotic therapy, but only when adjusted with stroke duration
and type. Triccas et al. [97] explored the impact of anodal tDCS along with unilateral and
three-dimensional RAT on the impaired upper limb in people with sub-acute and chronic
stroke for 18 sessions. They found that the addition of tDCS showed no extra benefits, and
RAT might be more advantageous in the sub-acute phase of stroke than the chronic phase.
Moreover, Morone, Capone, Iosa, Cruciani, Paolucci, Martino Cinnera, Musumeci, Brunelli,
Costa, Paolucci, and Di Lazzaro [10] examined dual-tDCS combined with exoskeleton RAT
on upper limb motor functions in chronic stroke patients after 10 sessions of repetitive
training. They reported that dual-tDCS combined with RAT did not further enhance
recovery compared to controls. Bernal-Jimenez et al. [98] explored the effects of combining
tDCS with RAT on the rehabilitation of upper limb function in chronic stroke patients for
20 sessions. They reported that the combination did not lead to significant improvements in
the Fugl-Meyer Upper Limb Motor Score (mFM-UL), the Action Research Arm Test (ARAT),
or the Functional Independence Measure (FIM) among the stroke patients. Moreover, two
recent review articles [12,99] examined the effectiveness of integrating tDCS with RAT for
upper limb function recovery after stroke. They concluded that while tDCS might enhance
the effects of RAT on lower limb function, the combination does not appear to improve
upper limb function, strength, spasticity, functional independence, or velocity of movement
after stroke.

While the primary focus of this review is not on lower limb motor recovery, it’s
pertinent to acknowledge that similar challenges have been observed regarding the effects
of tDCS on lower limb recovery in stroke survivors. van Asseldonk and Boonstra [100]
explored the impact of tDCS on walking in both healthy subjects and chronic stroke
survivors, noting slight improvements in force production during walking among healthy
participants with dual-tDCS, but no significant benefits for stroke survivors. Concurrently,
Leon et al. [101] investigated the combination of tDCS with robotic gait training, finding no
substantial difference in walking ability between those who received tDCS during training
and those who underwent robotic training alone. Similarly, Kindred et al. [102] assessed
the effects of high-definition tDCS (HD-tDCS) on gait and corticomotor response in post-
stroke individuals, concluding that a single HD-tDCS session, regardless of being anodal
or cathodal, failed to significantly alter gait kinematics, walking speed, or corticomotor
responses. In addition, a research group conducted multiple studies on tDCS for lower-limb
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recovery in stroke survivors. Klomjai et al. [103] explored the effects of a single session of
dual-tDCS combined with conventional physical therapy on lower limb function and gait,
finding significant improvements in the Five-Times-Sit-To-Stand (FTSTS) test in the real
tDCS group but no significant muscle strength changes. Subsequently, Klomjai et al. [104]
assessed various tDCS setups over five days, noting that dual-tDCS offered the most
significant lower limb motor function improvements. In contrast, Aneksan et al. [105]
did not observe enhanced outcomes from five sessions of dual-tDCS with task-specific
training. Similarly, Klomjai and Aneksan [106] found no significant lower limb performance
improvements when dual-tDCS was applied during physical therapy. Additionally, recent
reviews showed that tDCS had limited effects in an isolated treatment environment, but it
is possible to improve lower limb functions when combined with other therapies [106–109].

Stimulation intensity and duration in tDCS significantly influence its modulation
effects. However, there is no consensus on the optimal settings for either intensity or
duration. Chew et al. [110] examined cortical excitability in healthy subjects with different
anodal-tDCS intensities; significant MEP variations were observed between individuals
across different current intensities, with 2 mA and 0.2 mA tDCS proving to be more effective
in eliciting a clear response compared to 0.5 mA and 1 mA intensities. Additionally, notable
variations were also seen within individuals across repeated sessions of identical tDCS.
Vignaud et al. [111] compared the effects of tDCS’s duration (20 vs. 30 min) and intensity
(1 vs. 2 mA) on cortical excitability. The findings revealed that a 20 min session of anodal-
tDCS, irrespective of the intensity used, enhanced MEP responses. Conversely, a 30 min
tDCS session did not alter cortical excitability. Esmaeilpour et al. [112] discussed whether
increasing the electric current in tDCS improves its effectiveness under different models.
However, their findings suggest a lack of clear understanding regarding the dose–response
relationship in tDCS. Interestingly, another recent study explored individualized dose-
control of tDCS to examine variability among healthy individuals. Their findings suggest
that individualized dose-control of tDCS has the potential to reduce variance in cortical
excitability [113]. In addition to the challenges mentioned above, the challenges of tDCS
might be due to the complexity of motor skills, which involve both cortical and spinal and
peripheral mechanisms. The task-specific effects of tDCS imply that its neuromodulation
impact is closely associated with the neural circuits activated during specific training,
indicating a lack of broad influence on other motor areas or unrelated skills [13,96,114].
These findings highlight the need for further studies to confirm these results and better
understand the varying effects of tDCS in stroke rehabilitation.

However, due to the heterogeneity across studies, directly comparing the motor
recovery effects between tDCS, tACS, and tRNS is challenging, as they do not adhere to
the same stimulation paradigms or protocols or involve identical populations. To address
the challenges of understanding the relative effectiveness of different tES techniques,
several studies have endeavored to compare the efficacy of conventionally used tDCS
with the more recently developed tACS and tRNS within the same population. In a
study comparing the efficacy of tDCS, tACS, and tRNS on altering cortical excitability,
each type of stimulation was applied over the M1 area in the same healthy adults at an
intensity of 1.0 mA for 10 min on separate days. The findings revealed that tACS and
tRNS led to an increase in MEPs compared to sham stimulation, while tDCS did not
produce similar effects [115]. Krause et al. [116] investigated the effects of tACS and tDCS
on motor sequence retrieval and reacquisition during early motor consolidation. Both
tACS and tDCS showed facilitatory effects on motor sequence retrieval, with 20 Hz tACS
being particularly effective in enhancing reaction times. Unfortunately, direct comparisons
between tDCS, tACS, and tRNS in the motor cortex were quite limited. Although some
comparisons did not specifically target the motor cortex, their findings merit consideration.
Rohner et al. [117] aimed to directly compare the effects of theta-tACS and anodal tDCS
on working memory (WM) performance. Their results revealed that tACS resulted in a
greater improvement in reaction time for correct hits than tDCS. Moreover, Kim et al. [118]
explored the efficacy of tACS and tDCS in enhancing cognitive function in patients with
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mild cognitive impairment. Participants received both gamma-tACS (40 Hz) and tDCS
at the same intensity applied to the dorsolateral prefrontal cortex. The study found that
gamma-tACS improved cognitive performance compared to tDCS and sham treatments.
In contrast, tDCS did not demonstrate significant differences from sham in any of the
cognitive test scores. In addition, a recent review by Senkowski et al. [119] compared the
effects of tDCS and tACS on working memory (WM) in healthy adults, drawing from
43 studies. Results indicated a limited impact of single-session tDCS on WM, while tACS
demonstrated frequency-dependent effects, particularly with frontoparietal stimulation.
However, to the best of my knowledge, no study has directly compared the effectiveness of
tDCS, tACS, and tRNS in stroke motor recovery.

8. Advantages of Using tACS/tRNS in Cortical Excitability Modulation and
Motor Recovery

After a stroke, the brain’s neural oscillation patterns change based on lesion location
and severity. Alpha waves, known for their role in relaxation and information processing,
slow down and become more synchronized. Conversely, beta waves, associated with motor
control, exhibit increased activity in both hemispheres. Additionally, gamma waves, crucial
for sensory integration and information binding, experience disruption [120]. However,
brain oscillations begin to show different characteristics associated with improved out-
comes in the chronic stroke recovery phase. Studies have shown that a decrease in the
synchronization of alpha waves is linked to better motor function [121]. Furthermore,
increased coherence between beta waves in the motor cortex and other brain regions during
the acute phase has been associated with improved functionality later [122]. Interestingly,
the role of beta waves appears to be hemisphere-specific, with higher power in the affected
hemisphere correlating with better motor recovery, while the opposite is true for the unaf-
fected hemisphere. Finally, an increase in gamma wave power in the affected hemisphere
emerges as a promising target for stroke rehabilitation, as it has been linked to positive
outcomes [120,121,123].

To address why tACS/tRNS might have potential in stroke motor recovery, it is
reasonable to have the hypothesis that the entrainment of neurons could achieve better
performance than simply depolarization or hyperpolarization of neurons. In contrast to
tDCS, Wischnewski et al. [124] reported in a review that beta-tACS significantly increases
M1 excitability. A notable finding was that tACS intensities above 1 mA peak-to-peak
robustly increased M1 excitability. A potential advantage of tACS lies in the selection
of stimulation frequency, aimed at modulating task-relevant physiological processes. In
contrast to tDCS, whose effects are primarily contingent upon electrode placement and
current intensity, tACS introduces an additional dimension through the manipulation of
the stimulation frequency [119]. The effects of stroke on neural oscillations depend on
the damage’s severity and location. Stroke survivors typically experience a reduction in
low-frequency wave power, with alpha oscillations showing decreased frequency and
increased synchronization. On the other hand, beta oscillation power usually increases
across both hemispheres [125]. Therefore, simply depolarizing and hyperpolarizing the
motor cortex might not precisely address the changes in neural oscillations, suggesting that
tDCS may not effectively modify neural oscillations in a frequency-specific way.

Moreover, unlike fixed-frequency protocols, tACS can be adjusted to match an in-
dividual’s endogenous frequency. Fresnoza, Christova, Feil, Gallasch, Korner, Zimmer,
and Ischebeck [64] applied individual alpha frequency tACS to the motor cortex in both
young and older groups, observing increased cortical excitability post-stimulation in both.
Similarly, Schilberg et al. [126] demonstrated that tACS set to individual beta band fre-
quencies can modulate MEPs. Therefore, tailoring tACS to individual frequencies may
enhance its effectiveness, potentially aligning more closely with the brain’s intrinsic neu-
ronal oscillations. This suggests that individualized tACS protocols could play a significant
role in stroke patient motor recovery in the future. Finally, the modulation effect of tACS
can be state-dependent. Alagapan et al. [127] applied tACS across different behavioral
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states: eyes open, eyes closed, and during a task. They found that the effect of tACS
was dependent on the behavioral state. The complexity and dependency of brain activity
upon the current behavioral state demonstrate the strength of tACS to accommodate more
variable applications over the limitations of other tools. Therefore, tACS/tRNS may be a
good tool to augment the intervention outcomes.

9. Limitations

The current review was primarily focused on upper-limb motor recovery. The neural
oscillation patterns associated with lower limb movements (such as walking) or balance
control might differ significantly from those of the upper limb, potentially complicating
the interpretation of tES modulation effects. However, future reviews should specifically
address lower limb recovery in stroke, exploring how various tES techniques influence
motor functions in this area. In addition, although there is a growing body of research on
tACS in motor recovery, the existing literature on both tACS and tRNS remains too scarce
to draw definitive conclusions about their modulatory effects on stroke survivors.

10. Conclusions

In this review, we primarily focused on studies published within the past 10 years
examining tES modulation of healthy motor cortical excitability and stroke upper limb
motor recovery. The field of tES modulation has gained tremendous attention, as evidenced
by the increasing number of publications. However, despite its emergence as a promising
technique with advantages for research and clinical settings, replicating the benefits of tES
remains challenging due to variability in study designs, participant characteristics, and
stimulation protocols. While tDCS is the most frequently used tES technique in stroke
motor recovery, its efficacy in augmenting the effects of physical therapy remains uncertain.
In contrast, emerging tES techniques like tACS and tRNS, with distinct mechanisms from
tDCS, show potential in preliminary stroke motor recovery studies. The complexity of
neural networks suggests that more sophisticated approaches capable of targeting specific
neural oscillations may offer an alternative for stroke motor rehabilitation and enhance
the effects of physical therapy. Therefore, future progress hinges on understanding neural
mechanisms and refining tES techniques for consistent, therapeutically valuable results. As
the field develops, modified tES holds the potential to become a powerful neuromodulatory
tool, enhancing stroke upper limb motor rehabilitation.
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Abstract: Introduction: Outcome measures using telerehabilitation (TR) in the context of post-stroke
rehabilitation are an area of emerging research. The current review assesses the literature related
to TR for patients requiring post-stroke rehabilitation. The purpose of this study is to survey the
outcome measures used in TR studies and to define which parts of the International Organization of
Functioning are measured in trials. Methods: TR studies were searched in Cochrane Central Register
of Controlled Trials, PubMed, Embase, Scopus, Google Scholar, and Web of Science, The Cochrane
Central Register of Controlled Trials (Cochrane Library), the Cumulative Index to Nursing and
Allied Health Literature (CINAHL), and the Physiotherapy Evidence Database (PEDro) from 2016 to
June 2023. Two reviewers individually assessed the full text. Discrepancies regarding inclusion or
exclusion were resolved by an additional reviewer. Results: A total of 24 studies were included in the
current review. The findings were synthesized and presented taking into account their implications
within clinical practice, areas of investigation, and strategic implementation. Conclusions: The
scoping review has recognized a broad range of outcome measures utilized in TR studies, shedding
light on gaps in the current literature. Furthermore, this review serves as a valuable resource for
researchers and end users (such as clinicians and policymakers), providing insights into the most
appropriate outcome measures for TR. There is a lack of studies examining the required follow-up
after TR, emphasizing the need for future research in this area.

Keywords: post-stroke; dependence variable; telerehabilitation; rehabilitation assessment; telecare

1. Introduction

The use of innovative technology for the treatment of cognitive and motor impairments
in stroke during the critical golden hour is of paramount importance [1]. Recently, the
use of telerehabilitation (TR), which we define as the ability to provide assessment and
intervention to people who require rehabilitative services via telecommunication, has
emerged as a substitute for in-person therapy [2]. Recent studies have shown that TR can
positively affect motor functions such as balance, mobility, and postural control [1,3].
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TR offers a potential solution to some of the accessibility challenges faced by individu-
als living with stroke [2,4]. A study found that TR interventions for stroke found no change
between telehealth and face-to-face interventions for activities of daily living, balance,
and upper extremity involvement [5]. Within TR, communication between patients and
qualified rehabilitation professionals is facilitated via technologies like telephones and
internet-based videoconferencing. Analyzing the efficacy of these interventions is pivotal
for advancing the field of TR [1]. Numerous tools have been developed to assess both the
outcomes and the effectiveness of post-stroke interventions [6].

There is a growing need for improvements in stroke care [7]. The latter study provides
strong evidence supporting the effectiveness of both virtual reality (VR) and TR in enhanc-
ing stroke care, offering valuable guidance on selecting appropriate outcome measures
for assessing the effect of these interventions on survivors of stroke and their families [7].
A recent literature review recognized numerous assessment tools utilized in stroke ther-
apy [8]. Another review of outcome measures utilized in randomized controlled trials
(RCTs) identified 30 distinct measures documented in RCTs, which gauged the efficacy
of interventions in stroke therapy [9]. The adequacy of TR relative to the status quo is
confirmed when outcome measures demonstrate no significant decline in performance
compared to traditional treatment [5]. Thus, choice of an appropriate outcome metric to
utilize in research and in clinical practice is imperative.

It is important to note that when selecting outcome measures for clinical observa-
tion for patient improvement, the consideration should assess not just impairments in
motor function, but also encompass various factors such as the patient’s lifestyle and
daily preferences [9]. There are numerous advantages to employing standardized outcome
measures, which include the ability to identify patients at risk of experiencing adverse
or unfavorable outcomes, identifying the most effective interventions tailored to specific
contexts, and analyzing organizational metrics [2]. Clinicians have supported the uti-
lization of standardized tools in therapy for several years. A study by Diana et al. in
2017 emphasized the importance of clear outcome measurements with a focus on TR and
VR [10]. However, there remains a lack of consensus regarding the utilization of outcome
measures to enable meaningful appraisals across interventions and studies [4]. This gap
in consensus has persisted from January 2015 until the present day, especially within the
realm of TR. Considering the COVID-19 pandemic, during which the healthcare industry
relied heavily on telerehabilitation interventions, there is a pressing need for establishing a
consistent approach in this regard [11]. In addition, using telerehabilitation is beneficial
for patients who cannot commute to clinical settings, particularly in rural and isolated
areas [12]. Telerehabilitation also has the potential to reduce the costs of hospitalization for
some patients [13]. Peretee et al. in 2017 found that telerehabilitation is effective in caring
for patients with severe pathologies, such as serious cognitive deficits, enabling them to
undergo physiotherapy at home without the need for exhausting transportation [13]. TR
is also well-suited for patients residing in rural areas, distant from urban clinical centers,
who need rehabilitation during the critical golden hour [13]. Virtual reality serves as a
technology for home-based rehabilitation, providing a safe environment for patients to
engage in conventional exercises, even though some studies explore the application of TR
in virtual environments [14].

The current review is the first to our knowledge that attempts to elucidate the outcome
measures employed in the rapidly evolving field of TR. The most recent telerehabilita-
tion technologies include exergames (e.g., the XR-MoBI technology), digital applications,
digital health technologies, telecommunication methods, and mobile applications used as
treatments for patients [15].

With the aim of establishing comprehensive guidelines for the utilization of outcome
measures in TR, particularly within the realm of stroke rehabilitation, we have conducted
a scoping review that systematically synthesizes the prevalent outcome measurement
practices. Thus, the present study aims to delineate the findings from this scoping review.
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2. Methods

The Arksey and O’Malley framework from the University of York was used as guid-
ance for a methodologically rigorous approach to systematically review the outcome metrics
utilized to evaluate the efficacy of TR [16]. The York framework has been used broadly
in knowledge synthesis trials and consists of the following five stages: (1) classifying
the research question; (2) recognizing pertinent studies based on the research question;
(3) trial selection; (4) charting the information within the selected trials; and (5) organizing,
summarizing, and reporting the findings of the scoping review. The research questions for
the current review were as follows: which outcome measures are used in TR stroke therapy
trials and at what time points are they controlled (admission, discharge, and follow-up of
the patient) subsequent to a stroke? Which functions from the International Classification
of Functioning (ICF) are assessed in the outcome measures? This study was carried out in
accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [17].

2.1. Eligibility Criteria

The inclusion criteria for this scoping review consisted of trials: (1) including pa-
tients that had sustained a stroke, (2) recounting a rehabilitation protocol utilizing TR,
(3) written in English, and (4) published after January 2015. The exclusion criteria in-
cluded: (1) non-English manuscripts, (2) papers omitting outcome measures, (3) papers
only reporting laboratory measures, (4) discussion and protocol papers or commentary and
qualitative studies, (5) poster presentations, abstracts, or papers lacking information about
the treatment, and (6) papers only reporting the change and development of the technology.
The search was completed using study design or publication date.

2.2. Search Strategy

The literature search was done by a librarian in the field of therapy. The search
included PubMed, Embase, Scopus, Google Scholar, Web of Science, The Cochrane Central
Register of Controlled Trials (Cochrane Library), the Cumulative Index to Nursing and
Allied Health Literature (CINAHL), and the Physiotherapy Evidence Database (PEDro)
(until July 2023) to classify potentially related studies.

2.3. Data Collection Process

Two of the reviewers (MGN and MF) independently investigated the titles and ab-
stracts extracted from the database searches to determine if they fit the inclusion criteria.
Disagreements regarding the inclusion or exclusion of a particular manuscript based on
the appraisal of its abstract were determined by reaching an agreement or consulting an
additional reviewer (AS). Data extraction arrangements were established based on the
current literature in the field and on the questions of the research. Extraction of the data
was based on essential information according to questions of the current review such as
(a) the study’s authors, (b) the publication date, (c) the objective(s) of the trial, (d) the
design of the trial, (e) country, (f) outcome measures reported, (g) patient characteristics
(e.g., age, sex, socioeconomic status, level of education, motor functional level, the phase
of the stroke, type of the stroke), (h) related ICF domains, (i) period of time at which the
assessment was taken (e.g., admission, discharge, follow-up), (j) technology used for TR,
and (k) details on the TR intervention. The outcome measures were categorized based on
the ICF domains [16].

2.4. Critical Appraisal of the Included Articles

The modified Critical Appraisal Skills Programme (CASP) tool [18,19] was used for
assessing the quality of each of the included studies by the three reviewers (MGN, MF, and
AS). The CASP tool is an instrument used for evaluating the strengths and limitations of
any qualitative research approach [19]. The tool has 10 questions that each emphasizes
different methodological domains of a qualitative study: the identification of the research
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questions, the relevance of the methodology (including study design), description of the
population and sample size, outcomes, suitability of analysis methodologies, relevance,
and clarification of results. Information was obtained from studies achieving scores greater
than 50% based on the CASP scoring system.

2.5. Quality Assessment

We used the CASP tools for assessing the quality of studies, primarily case-control
studies and clinical trials. The CASP RCT checklist evaluates 11 critical criteria:

(1) Did the study address a clearly focused research question?
(2) Was the assignment of participants to interventions randomized?
(3) Were all participants who entered the study accounted for at its conclusion?
(4) Was blinding appropriately addressed for participants, assessors, and therapists?
(5) Were the study groups similar at the start of the randomized controlled trial?
(6) Apart from the experimental intervention, did each study group receive the same

level of care (i.e., were they treated equally)?
(7) Were the effects of intervention reported comprehensively?
(8) Was the precision of the estimate of the intervention or treatment effect reported?
(9) Did the benefits of the experimental intervention outweigh the harms and costs?
(10) Could the results be applied to your local population/in your context?
(11) Would the experimental intervention provide greater value to the people in your care

than any of the existing interventions?

The CASP case-control study checklist also consists of 11 questions:

(1) Did the study address a clearly focused issue?
(2) Did the authors use an appropriate method to answer their question?
(3) Were the cases recruited appropriately?
(4) Were the controls selected appropriately?
(5) Was the exposure accurately measured to minimize bias?
(6) Aside from the experimental intervention, were the groups treated equally, and did

the authors account for the potential confounding factors in the design and/or in their
analysis?

(7) How large was the treatment effect?
(8) How precise was the estimate of the treatment effect?
(9) Are the results credible?
(10) Can the results be applied to the local population?
(11) Do the results of this study fit with other available evidence?

Responses to these questions were recorded as “Yes”, “No”, or “Can’t tell”. In the cur-
rent review, seven studies were evaluated using the CASP RCT checklist [20–26] (Table 1).

Table 1. The characteristics of the included studies.

First Author,
Year—Country

Design;
Participant’s Age Group;

Sex

Type of Stroke;
Phase of Stroke
Rehabilitation

Type of VR or TR Brief
Description of The

System
CASP

Cramer; 2023
[20]—USA

Randomized clinical trial;
124 adults;

M = 90, F = 34, age of 61

Stroke with arm motor
deficits TR: 8/11

Toh; 2023 [27]—Hong
Kong

Mixed-method study; 11
adults; M = 4, F = 7, age ≥

18 years

Limb telerehabilitation in
persons with

stroke

TR: used wearable
device,

telerehabilitation
application

9/9
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Table 1. Cont.

First Author,
Year—Country

Design;
Participant’s Age Group;

Sex

Type of Stroke;
Phase of Stroke
Rehabilitation

Type of VR or TR Brief
Description of The

System
CASP

Contrada, 2022
[28]—Italy

Clinical trial study;
19 patients M=13

F = 6;
age: 61.1 ± 8.3 years

Post-stroke patients with a
diagnosis of first-ever
ischemic (n = 14) or
hemorrhagic stroke

(n = 5)

TR: The entire TR
intervention was

performed (online and
offline) using the

Virtual Reality
Rehabilitation System

(VRRS) (Khymeia,
Italy).

9/9

Allegue; 2022
[29]—Canada

Mixed-method case study;
5 adults M = 3, F = 2;

age: 41–89
Stroke survivors

TR+VR: (VirTele):
virtual reality

combined with
telerehabilitation

9/9

Salgueiro; 2022
[30]—Spain

Prospective controlled trial;
49 adults M = 31, F = 18;

age: 55–82

Subjects with a worsening
of their stroke symptoms

or any of the comorbidities
(e.g., another neurological

disease or orthopedic
problem of the lower

limbs)

TR: using AppG 9/9

Salgueiro; 2022
[31]—Spain

Prospective, single-blinded,
randomized controlled

trial;
30 adults M = 20, F = 10;

over 18 years of age

Chronic stroke survivors

TR: The practice of
specific lumbopelvic

stability exercises,
known as core-stability

exercises

9/11

Anderson; 2022
[32]—USA

Case study design and
experimental study;,

one participant
F = 1; 37 years old

Stroke with the etiology
was a subarachnoid

hemorrhage caused by a
ruptured aneurysm at the
left middle cerebral artery

bifurcation

TR: framework for
telerehabilitation and

the effects of
team-based remote

service delivery

9/9

So Jung Lee; 2022
[26]—Republic of

Korea

Randomized control trial
(RCT); 17 adults eligible; 14

participants finished
M = 10, F = 4;

age:
experimental group = 9

control group = 8

Patients with subacute or
chronic stroke

TR: videoconferencing
using Zoom 8/11

Dawson; 2022
[33]—Canada

Pilot, single-blind
(assessor), randomized

controlled trial (RCT); 17
adults; M = 9, F = 8;

age: 42–75

Stroke survivors fluent in
written and spoken English
and with no severe aphasia

TR: a strategy training
rehabilitation approach

(tele-CO-OP)
8/11

Uswatte; 2021
[21]—Birmingham

Randomized clinical trial;
24 adults

≥1-year post;
age: 48–72

M = 13, F = 11

Upper-extremity
hemiparesis after stroke

TR using a
computer-generated

random numbers table,
in-lab or telehealth
delivery of CIMT

8/11
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Table 1. Cont.

First Author,
Year—Country

Design;
Participant’s Age Group;

Sex

Type of Stroke;
Phase of Stroke
Rehabilitation

Type of VR or TR Brief
Description of The

System
CASP

Rozevink, 2021 [23]

Randomized controlled;
M = 8
F = 3;

age = 66.0 ± 8.4

Upper limb function
after stroke

TR: home-care arm
rehabilitation
(MERLIN), a

combination of an
unactuated training
device using serious

games and a
telerehabilitation
platform in the
patient’s home

situation

9/9

Rozevink, 2021 [24]

Randomized controlled;
M = 8
F = 4;

age = 64.8 ± 8.5

Upper limb function in
chronic stroke

TR: home-care arm
rehabilitation

(MERLIN);
telerehabilitation using
an unactuated device

based on serious games
improving the upper

limb function in
chronic stroke

8/9

Shih-Ching, 2021 [34]

Prospective case-controlled
pilot study;
30 patients

F = 6
M = 9;

age: 51–68

Chronic stroke TR: three commercially
available video games 9/9

Chingyi, 2021 [35]

A single-group trial;
11 participants

F = 6
M = 5;

age: 44–66

chronic stroke
(hemorrhagic/ischemic)

TR: home-based
self-help

telerehabilitation
program assisted by the

aforementioned
EMG-driven
WH-ENMS

7/9

Marin-Pard, 2021 [36]

Case study and clinical
trial study;

one participant M = 1;
age = 67 years old

Chronic stroke with upper
extremity hemiparesis

TR: tele-REINVENT
system consisting of a
laptop computer with
all necessary programs
preloaded, configured,

and displayed in an
easy-to-use manner, a
pair of EMG sensors

with the enclosed
acquisition board, and
a package of disposable

electrodes

7/9
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Table 1. Cont.

First Author,
Year—Country

Design;
Participant’s Age Group;

Sex

Type of Stroke;
Phase of Stroke
Rehabilitation

Type of VR or TR Brief
Description of The

System
CASP

Cramer; 2021
[21]—USA

Prospective, single-group,
therapeutic feasibility trial;

13 adults M = 9, F = 4;
median age 61

Home-based
telerehabilitation after

stroke

TR: patients received 12
weeks of TR therapy, 6
days/week, with a live
clinic assessment at the

end of week 6 and
week 12. Patients were
free to call the lab with

questions

9/9

Kessler; 2021
[37]—Canada

Multiple baseline
single-case experimental

design;
8 adults M = 6, F = 2;

age: 50–83

Stroke
survivors

TR: telerehabilitation
occupational

performance coaching
9/9

Saywell, 2020 [25]

Randomized controlled
trial;

ACTIV: n = 47; control: n =
48

N = 95 participants
M = 49
F = 46

Participants had
experienced a first-ever
hemispheric stroke of

hemorrhagic or ischemic
origin and were discharged
from inpatient, outpatient,

or community
physiotherapy services to

live in their own home

TR: augmented
community

telerehabilitation
intervention

9/11

Burgos; 2020 [38], Chile

Clinical study;
6 participants

M = 3
F = 3

Chronic stage: in early
subacute stroke (seven

weeks of progress)

TR: low-cost
telemedicine (therapist
monitoring was carried

out by connecting to
the web platform and

watching games scores
daily at the scheduled

session time or
afterwards based on
therapist availability)

9/9

Ora; 2020
[22]—Norway

Pilot randomized
controlled trial; 30 adults;

M = 19, F = 11;
age > 18

Post-stroke with aphasia

TR: using a portable
Fujitsu PC (laptop)

with necessary
software and material

9/11

Huzmeli; 2017
[12]—Turkey

Clinical trial study;
10 adults

M = 6, F = 4;
age: 45–60

Patients with stroke who
were hemiplegic and had

sufficient equipment

TR: video
communication(TR was
applied by contacting

the patients via laptops
with a camera and
microphone and an
internet connection)

9/9
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Table 1. Cont.

First Author,
Year—Country

Design;
Participant’s Age Group;

Sex

Type of Stroke;
Phase of Stroke
Rehabilitation

Type of VR or TR Brief
Description of The

System
CASP

Ivanova; 2017
[39]—Germany

Clinical trial study;
6 participants M = 4

F = 1;
age: 51–89 years

Motor relearning after
stroke (five patients were
in the subacute phase; one

patient was considered
chronic. All participants

showed deficits in the
motor activity of the

shoulder, arm, and hand
function)

TR: haptic devices for
stroke rehabilitation

and robot-based
telerehabilitation

system

9/9

Dodakian; 2017
[40]—USA

Clinical trial study; 12
adults M = 6, F = 6;

age: 26–75

Patients with chronic
hemiparetic stroke

TR: individualized
exercises and games,

stroke education
9/9

Özgün; 2017
[41]—Turkey

Pilot study;
10 adults M = 6, F = 4;

age = 44–61
Patients with stroke

TR: giving
rehabilitation services
with computer-based

technologies and
communication tool

8/9

Table Legend. VR, virtual reality; TR, telerehabilitation; CASP, cognitive assessment scale for stroke patients;
AppG, access to telerehabilitation to perform core stability exercises at home; CIMT, constrained-induced move-
ment therapy; EMG, electromyography; WH-ENMS, wrist/hand exoneuromusculoskeleton.

In addition, when appraising other studies using the CASP case-control study checklist,
questions 4 (Were the controls selected appropriately?) and 6 (Aside from the experimental
intervention, were the groups treated equally, and did the authors account for the potential
confounding factors in the design and/or in their analysis?) were deemed not applicable
since the reported trials were uncontrolled trials. Thus, the total number of questions for
the latter studies was nine rather than 11. Sixteen out of the 23 trials had scores between
7 and 9 out of 9, with only two studies scoring 7. Six of the included trials had a score
between 8 and 9 out of 11, whereas only four studies scored 7.

3. Results

The exploration of the electronic databases recognized 550 manuscripts after duplicate
studies were removed. After screening of the titles and abstracts, 136 studies remained.
After a full-text review process, 110 articles were excluded, leaving a total of 24 included
studies. Reasons for exclusion of studies are depicted in Figure 1.

3.1. Included Studies

The current scoping review encompassed a comprehensive analysis of 24 studies.
This review is organized into three key sections: (a) essential characteristics of the trials,
which include details about the authors, location, publication year, study design, subject
characteristics, type of stroke, TR explanation, and the numerical score of the quality of
the studies above 7 from 9 related to pooled studies, (b) TR outcome measures used in
assessing post-stroke patients, and (c) areas of the ICF covered by these outcome measures.
The included trials were published between 2015 and 2023, and most of the trials were
conducted in the USA and Canada. The most common study designs were quantitative
approaches such as RCTs, CTs, case studies with one group and two groups with pre- and
post-test intervention (Table 1).
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3.2. Participant Characteristics

The study participants primarily consisted of males (335) who had experienced various
stroke conditions, including ischemic, subacute, and chronic stroke with symptoms such as
hemiparesis, aphasia, and other neurological disorders. These individuals were willing and
consenting to begin a rehabilitation protocol. All studies provided detailed information
on age, gender distribution, and the total number of participants. Two of the studies
included a single case study involving post-stroke patients (Table 1). All the studies used
TR intervention and two studies used TR with VR. The TR interventions were provided via
various modalities, including video games, an internet-connected computer and laptop, TR
application, serious games, and robot-based TR (Table 1)

3.3. Frequently Used Outcome Measures

A total of 20 outcomes were used in the scoping review (15 outcomes in TR studies
and 5 outcomes in TR studies with VR). The most used outcomes were the Fugel–Meyer
assessment of the recovery of patients with stroke (FMA) [20,24,35,42], balance, and motor
function in the upper limb function. All outcome measures were used pre- and post-
protocol based on TR (Table 2).
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Table 2. Frequency of used outcome measures in TR intervention studies.

Study (First
Author, Year)

Standardized
Outcome Instrument Reported Findings ICF

Domain
Focus of the

Outcome

Cramer; 2023
[20]—USA

Upper and lower
limb function

Fugel–Meyer motor
assessment

Telerehabilitation
has the potential to

substantially
increase access to

rehabilitation
therapy on a large

scale

b730
Suboptimal

rehabilitation
therapy doses

Toh; 2023
[27]—Hong Kong

Usability of the
wristwatch

System usability scale
(SUS) questionnaire

Usability of the
proposed

wristwatch and
telerehabilitation
system was rated

highly by the
participants

S730 Upper limb

Contrada, 2022
[28]—Italy Motor recovery

Barthel Index (BI);
Fugel–Meyer motor score

(FM)
and Motricity Index (MI)

TR tool promotes
motor and

functional recovery
in post-stroke

patients

b730 Upper limb

Allegue; 2022
[29]—Canada

Improvement of
UE motor function

Berg balance assessment
functional gait assessment:

activity-specific balance
confidence scale

independently applied

Most stroke
survivors found
the technology
easy to use and

useful

b730 Arm feasibility

Salgueiro; 2022
[30]—Spain

Balance in sitting
position

The Spanish-version of the
Trunk Impairment Scale

2.0 (S-TIS 2.0),
Function in sitting test

(S-FIST),
Berg Balance Scale (BBS),

Spanish-version of
postural assessment for
Stroke patients (S-PASS),

Brunel Balance
Assessment (BBA)

gait assessment

Greater
improvement in
balance in both

sitting and
standing
position

b730 Feasibility of core
stability exercises

Salgueiro; 2022
[31]—Spain Balance and gait

Spanish-Trunk
Impairment Scale (S-TIS

2.0),
sitting test,

Spanish postural
assessment scale

Improvement in
trunk function and

sitting balance
b730 Trunk control,

balance, and gait

Anderson; 2022
[32]—USA

Feasibility and
acceptability,
satisfaction

The Canadian
Occupational Performance

Measure (COPM), a
standardized

semi-structured interview

Tele-CO-OP was
found to be
feasible and
acceptable

b730
Feasibility and

acceptability based
exercise
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Table 2. Cont.

Study (First
Author, Year)

Standardized
Outcome Instrument Reported Findings ICF

Domain
Focus of the

Outcome

So Jung Lee; 2022
[26]—Republic Of

Korea

Trunk control and
balance function,

the functional
movement and

locomotion
necessary for

sitting, standing,
and walking,

dependent walker,
ADLs,

health-related QoL

Trunk Impairment Scale
(TIS) scores,

the Berg Balance Scale
(BBS),

timed up and go (TUG)
test,

functional ambulation
categories (FAC),

Korean Modified Barthel
Index (K-MBI) scores

EuroQoL 5 Dimension
(EQ-5D) tool

Significant
improvement in

the TIS scores
b730 Subacute or

chronic stroke

Dawson; 2022
[33]—Canada

Self-identified in
everyday life
activities and

mood

Canadian Occupational
Performance Measure
(COPM), the PHQ-9

High satisfaction
and engagement b730 Improvements in

social participation

Uswatte; 2021
[21]—Birmingham

The outcome is the
motor capacity

Built-in sensors and video
cameras,

participant opinion survey
Participant opinion survey,
motor activity log (MAL),
The Wolf motor function

test

Large
improvements

in everyday use of
the more-affected

arm

S730
The focus was on
upper-extremity

hemiparesis

Rozevink, 2021
[23]

Improvement of
the upper limb
motor ability
quality of life,

user satisfaction
and motivation

Wolf Motor Function test
(WMFT),

arm function tests,
the EuroQoL-5D-5L

(EQ-5D),
the intrinsic motiva-
tion inventory (IMI),

system usability scale
(SUS) and

Dutch–Quebec User

The WMFT, ARAT,
and EQ-5D did not

show significant
differences 6

months after the
training period

when compared to
directly after

training. However,
the FMA-UE
results were

significantly better
at 6 months than at

baseline

S730 Upper limb

Rozevink, 2021
[24]

Limb motor ability,
quality of life

Wolf Motor Function Test
(WMFT),

action research arm test
(ARAT),

assessment upper
extremity (FMA-UE),

EuroQoL-5D
(EQ-5D)

Progress in
monitored game

settings, user
satisfaction and

motivation

S730 Upper limb

Shih-Ching, 2021
[34]

Functional
mobility, balance,
and fall risk, the

degree of
perceived efficacy,

classifying the
strength in each of

three lower
extremity muscle
actions (hip, gait)

Berg Balance Scale (BBS)
scores,

timed up and go (TUG)
test,

modified falls efficacy
scale,

Motricity Index,
functional ambulation

category

Improvement in
balance b730 Balance
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Table 2. Cont.

Study (First
Author, Year)

Standardized
Outcome Instrument Reported Findings ICF

Domain
Focus of the

Outcome

Chingyi, 2021 [35]

Upper limb
assessment,
upper limb

voluntary function,
functional ability
and motion speed
of the upper limb,

basic quality of
participant’s ADLs,

spasticity

The Fugel–Meyer
assessment (FMA),

action research arm test
(ARAT),

Wolf motor function test
(WMFT),

motor functional
independence measure

(FIM),
modified Ashworth scale

(MAS

Improvements in
the entire upper

limb
S730 Upper limb

Marin-Pard, 2021
[36]

EMG signal
processing

Biofeedback, modular
electromyography

(EMG)

Development of a
muscle-computer

interface
S730 Upper limb

function

Cramer; 2021
[21]—USA

Upper and lower
lime function

Fugel–Meyer motor
assessment

Assessments
spanning
numerous

dimensions of
stroke outcomes

were successfully
implemented

b730 Limb weakness

Kessler; 2021
[37]—Canada

Satisfaction of
using

telerehabilitation
on the Client

Satisfaction Scale
(CSS)

Client Satisfaction Scale
(CSS),

Canadian Occupational
Performance Measure

(COPM)

High satisfaction
and a strong
therapeutic
relationship

b730
Occupational
performance

coaching

Saywell, 2020 [25]

Physical function,
hand grip strength

and
balance,

self-efficacy,
health outcomes

The physical
subcomponent of the
Stroke Impact Scale),
A JAMAR hand-held

dynamometer,
the stroke self-efficacy

questionnaire
(SSEQ),
overall

stroke recovery rating of
the SIS3.0

Rehabilitation
augmented

using readily
accessible

technology

b730 Physical function

Burgos; 2020 [38],
Chile

Balance and
functional

independence user
experience

BBS and Mini-BESTest
(MBT),

Barthel Index (BI), system
usability scale (SUS)

Complementary
low-cost

telemedicine
approach is

feasible, and that
it can significantly

improve the
balance of stroke

patients

b730 Dosage and overall
treatment

Ora; 2020
[22]—Norway

Feasibility and
acceptability of

speech and
language therapy

Videoconference software
called Cisco Jabber/Acano

Tolerable technical
fault rates with

high satisfaction
among patients

b730 Post-stroke
aphasia
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Table 2. Cont.

Study (First
Author, Year)

Standardized
Outcome Instrument Reported Findings ICF

Domain
Focus of the

Outcome

Huzmeli; 2017
[12]—Turkey

Balance, Physical
function, social
role function,

Emotional role
function, mental

health

The Berg Balance scale,
short form-36 quality of

life scale, The mini mental
state

The balance levels
significantly

improved after the
TR program, There
was no difference

in
terms of quality of

life and mental
status before and

after TR

b730 Post-stroke with
hemiplegic

Ivanova; 2017
[39]—Germany

Motor relearning
collection of

instant feedback
visualizations,
incorporating

telerehabilitation,
arm motor gains,

depression,
pain,
speed

Collection of instant
feedback visualizations

Telehealth system
for stroke

rehabilitation
using haptic

therapeutic devices
is currently being
implemented into
full functionality

b730

Stroke patients in
recovering

voluntary motor
movement
capability

Dodakian; 2017
[40]—USA

Incorporating
telerehabilitation,
arm motor gains,
depression, pain,

speed

Vital signs,
magnetic resonance

imaging,
FM Scale,

box and blocks (B&B),
NIHSS,

Barthel Index,
geriatric depression scale

(GDS) question form,
mini-status exam (MMSE),
optimization in primary
and secondary control

scale [20],
Medical Outcomes Study

Social Support Survey,
Mental Adjustment to
Stroke Scale (Fighting

Spirit subscore),
stroke-specific quality of

life scale,
modified functional reach

forward displacement
(cm),

shoulder pain
gait velocity

stroke self-efficacy
questionnaire

The results support
the feasibility and

utility of a
home-based

system to
effectively deliver
telerehabilitation

b730 Hemiparetic stroke

Özgün; 2017
[41]—Turkey

Cognitive levels,
balance,

quality of life

Mini Mental State
Examination,

Berg Balance Scale,
short form-

36 (SF-36) quality of life
scale

Improvement of
using TR programs b730 TR in patients with

hemiplegia
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3.4. ICF, Disability, and Health Domain

The ICF serves as a framework comprising domains or categories, offering valuable
guidelines for reporting functioning, performance, and health in clinical assessments. In
the current study, none of the trials employed the ICF guidelines for outcome measurement
encompassing aspects of both upper and lower limb function, structural aspects, and
physical activity. The majority of the pooled studies focused on upper limb function (trunk
mobility and functional recovery) [21,23,28,32,35,42] and some studies focused on lower
limb function (balance and gait) [25,26,30,32,34,38].

4. Discussion

In recent years, TR has emerged as a new technology for treating and rehabilitating
stroke patients [34]. In the current review, we identified more than 20 outcome measures
(Table 2) that illustrate a broad range of assessments utilized in trials focused on stroke
rehabilitation with interventions provided through TR. Among these measures, the most
used was the FMA. FMA is a performance-based deficiency index and is designed to
measure motor function, balance, awareness, and joint functioning in stroke patients. It
serves multiple purposes, including measuring motor recovery, assessing disease severity,
and aiding in treatment planning and evaluation.

In contrast, other studies have employed various other tools to assess a common
outcome such as balance [7]. These tools encompass diverse measurements, including gait
speed, Barthel Index (BI), Berg Balance Scale (BBS), Stroke Impact Scale (SIS), and quality
of life (QOL) metrics. Importantly, the FMA has demonstrated outstanding reliability in
both inter-rater and intra-rater assessments, exhibits strong construct validity, and is highly
responsive to detecting changes in patient’s conditions. The intraclass correlation coefficient
(ICC) for both the intra- and inter-rater reliability of the FMA both had values above 0.90,
consistent with the reliability of this tool for stroke in the chronic and subacute phases. For
validation of measuring the strength of association, the ICC and other correlation methods
are necessary.

The BBS is another reliable tool, but it is not sensitive enough to detect subtle yet
clinically significant changes in balance in individual subjects, particularly those recovering
from stroke [15]. It is a relatively inexpensive test and can be used with a wide range of
populations, including healthy individuals and patients. It evaluates balance through a
comprehensive assessment that encompasses two distinct dimensions, static and dynamic,
via a structured questionnaire [43,44].

Gait analysis is another valuable measurement that was utilized in five of the included
studies to meticulously assess details of step and gait speed in stroke patients [34]. In
addition, the Stroke Impact Scale (SIS) is a widely used measure due to its reliability,
validity, and sensitivity to change [45]. The SIS contains a question to evaluate the patient’s
global perception of their percentage of recovery [46]. Another frequently utilized measure
that was used in studies is the Barthel Index (BI). However, there is a strong need for greater
consistency in methods, content, and scoring across studies, given that the “BI” acronym
is associated with various assessment methodologies. For example, some studies have
adopted a 10-item scale, scoring on a range of 0 to 100 with 5-point increments [47]. This
approach has been used in several multicenter stroke trials, and we call for more uniform
application of this tool for stroke trials. Consistency in result reporting will allow for more
appropriate pooling of data for literature review and meta-analysis.

In general, all the aforementioned outcome measures aim to capture important changes
in patients who are undergoing stroke rehabilitation, whether by TR or more traditional
means. Importantly, most studies have highlighted that patient satisfaction plays a pivotal
role in their recovery and motivation to continue with rehabilitation to regain function.
Surprisingly, only two studies incorporated a thorough assessment of patient satisfaction
and motivation, using tools including the Client Satisfaction Scale (CSS) and the Canadian
Occupational Performance Measure (COPM). Upon examining the satisfaction levels of
patients who underwent TR following a stroke, the results unequivocally indicate that TR
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can be a highly effective intervention in the realm of rehabilitation. A study even mentioned
maintenance of long exercises in telerehabilitation as feasible; ultimately telerehabilitation
can prevent deterioration, improve physical performance, health status, and quality of
life [41].

Our scoping review identified various evaluation questions that pertained to changes
in health service utilization, intervention costs, and the utilization of comprehensive assess-
ment tools to gauge aspects of patient safety, comfort, ease of use, and the efficiency-related
consequences resulting from interactions with the technology [48]. This scoping review
focused on motor functions such as upper-extremity function, balance, and postural control,
yielding outcomes similar to those observed in previous research, such as the study con-
ducted in 2017 [7]. Notably, the trial of Tate et al. found a limited number of studies (8.8%)
that assessed specific motor, sensory, and other bodily functions [47]. It is worth mentioning
that most of the studies reviewed in this study predominantly evaluated domains related
to mental function [47]. In contrast, our scoping review identified only two studies that
used the Mini Mental State Examination (MMSE). Future studies should prioritize outcome
measures that support ICF domains using TR. Adhering to the Canadian Best Practice
Recommendations for Stroke Care can comprehensively cover the various aspects of the
ICF framework during both the short- and long-term recovery in stroke patients.

5. Conclusions

Our review included quantitative studies such as RCTs, CTs, case studies that provided
essential information regarding participant demographics, including age and sex, as well
as details about the interventions and the specific type of TR employed for rehabilitation.
Most of these studies assessed outcomes related to motor function, consistently reporting
improvements in this domain. However, it is important to note that most studies did
not include information about the cost implications of the interventions, which could
provide valuable insights for healthcare providers, clinicians, patients, and their families
when making decisions based on using new technology with TR. Future studies should
emphasize measuring the utilization and feasibility of these outcomes within the context
of TR while also providing detailed cost-related information. Furthermore, future studies
should investigate the standards that guide the selection of outcomes by clinicians and
investigators. Furthermore, incorporating standard exercises can facilitate the learning and
correction of general motor patterns, leading to noticeable improvements. It is crucial to
explore the reasons behind the exclusion of certain outcomes, such as the need to establish
new protocols for professionals, ensuring the availability of assessment tools in the same
language as the patients, managing the time required for assessments, and addressing
equipment-related prerequisites for the utilization of specific tools. Understanding and
addressing these factors will contribute to the improvement of outcome selection processes
in TR and related research. Exploring comprehensive methods to assess intervention
costs and investigating potential variation in TR acceptance among different demographic
groups could be impactful. The development of an application for assessment based
on standardized measurements is essential for telerehabilitation, as physiotherapists can
monitor activation and compare movement patterns. On the other hand, future studies
must further assess follow-up outcomes for TR and characterize the effect size over the
long term.
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Abstract: Wearable robotic devices have been strongly put into use in both the clinical and research
fields of stroke rehabilitation over the past decades. This study aimed to explore the effectiveness of
soft robotic gloves (SRGs) towards improving the motor recovery and functional abilities in patients
with post-stroke hemiparesis. Five major bibliographic databases, PubMed, Embase, Cochrane
Library, Web of Science, and the Physiotherapy Evidence Database, were all reviewed for enrollment
regarding comparative trials prior to 7 March 2023. We included adults with stroke and compared
their rehabilitation using SRGs to conventional rehabilitation (CR) on hand function in terms of the
Fugl-Meyer Upper Extremity Motor Assessment (FMA-UE), Fugl-Meyer Distal Upper Extremity
Motor Assessment (FMA-distal UE), box and blocks test score, grip strength test, and the Jebsen–
Taylor hand function test (JTT). A total of 8 studies, comprising 309 participants, were included in
the analysis. Compared to CR, rehabilitation involving SRGs achieved better FMA-UE (MD 6.52,
95% CI: 3.65~9.39), FMA-distal UE (MD 3.27, 95% CI: 1.50~5.04), and JJT (MD 13.34, CI: 5.16~21.53)
results. Subgroup analysis showed that stroke latency of more than 6 months and training for more
than 30 min offered a better effect as well. In conclusion, for patients with stroke, rehabilitation using
SRGs is recommended to promote the functional abilities of the upper extremities.

Keywords: soft robotic glove; stroke; rehabilitation; hemiparesis; meta-analysis

1. Introduction

According to the World Stroke Organization, stroke remains the second-leading cause
of death and the third-leading cause of death and disability combined in the world [1].
Chronic dysfunction affects 60% of the affected individuals, and of those, 60–80% experience
functional dyskinesia in their upper extremities [2].

Developments in the use of robotic devices have shown promise in aiding hand
functional recovery [3]. However, previous exoskeleton devices have always presented
significant drawbacks due to their heavy and bulky structures, limited range of motion in
human joints, and their unaesthetic appearance. Robotic gloves have since emerged as a
more compact and intuitive alternative to exoskeletons. These glove-like devices envelop
the paretic hand, providing a more comfortable and convenient solution [4] for overcoming
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a patient’s condition. Other advantages of soft robotic wearable devices as compared
to exoskeleton devices include maintaining the wearer’s mobility and flexibility without
over-constraining the joints, less time wearing the device due to there being no need for
precise joint alignment, being more comfortable to don and doff (meaning easier to put on
and remove) and improving portability due to their reduced overall weight [5].

There are several methods regarding clinical evaluation for those experiencing post-
stroke motor function disability. The Fugl-Meyer Assessment (FMA) is a well-designed,
feasible, and efficient clinical examination method that has been tested widely in the stroke
population. Its primary value is the 100-point motor domain, which has received the most
extensive evaluation. Additionally, the method is also responsive to changes in motor
impairment following stroke [6]. Another tool that has been widely used in clinical and
research settings is the Jebsen-Taylor hand function test (JTT). This test involves seven
subsets within the test whom represent a spectrum of hand function, with the patient’s
performance in each subset timed and compared with the established norms [7]. The
box and block test (BBT) is also reliable and valid for patients with stroke as it is used to
measure gross manual dexterity. This test measures the number of 1-inch blocks a patient
can transport from one box to its adjacent box within 60 s. The greater the number of blocks
per minute, the better the performance of gross manual dexterity [8]. Additionally, maximal
grip strength measurement is also a great tool which can easily quantify one’s weaknesses
and recovery following a stroke, and has proven to be reliable in both asymptomatic and
symptomatic subjects [9]. All of these measurement tools are capable of providing objective
methods to help assess patients and improve their clinical outcomes when diagnosed
with hemiparesis.

Over the years, several studies have evaluated the effectiveness of robotic devices on
stroke patients, but few of them have confined themselves to only the use of the soft robotic
glove (SRG). In recent years, Fardipour et al. and Hernández Echarren et al. have each
published systematic reviews regarding the therapeutic effects of wearable robotic gloves
on hand function in stroke patients [4,10]. Nevertheless, neither of them involved trials
that were all randomized controlled trials and completely focused on SRGs. Therefore,
the purpose of this study was to conduct a comprehensive meta-analysis in order to
obtain objective outcomes, as well as thoroughly discuss the clinical application of SRGs in
stroke patients.

2. Materials and Methods
2.1. Search Strategy and Selection Criteria

The protocol for this review was registered in the International Prospective Register
of Systematic Reviews (PROSPERO CRD42023387935). This study was performed in
accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) 2020 statement [11] shown in Table S1. Two investigators (K-MJ and T-YL)
performed the initial literature screening by reviewing titles and abstracts in five electronic
databases (PubMed, Embase, Cochrane Library, Web of Science, and the Physiotherapy
Evidence Database (PEDro)) prior to March 7, 2023, without applying any filters. A manual
literature search of bibliographies from the retrieved articles and published reviews for
eligible publications was also performed. The following keywords and their synonyms
were applied to identify relevant publications: “soft robotic glove”, “soft wearable robot”,
and “stroke”. A detailed description of the search strategy is provided in Table S2.

We included randomized control trials (RCTs) if they met the following criteria: (1) Pop-
ulation: patients with post-stroke hemiparesis (PSH) who had received or were scheduled
to receive rehabilitation; (2) Intervention: rehabilitation programs involving SRGs or other
similar devices; (3) Control: conventional rehabilitation (CR) programs, such as physical
therapy and occupational therapy; (4) Outcomes: including Fugl-Meyer Upper Extrem-
ity Motor Assessment (FMA-UE), Fugl-Meyer Distal Upper Extremity Motor Assessment
(FMA-distal UE), grip strength, BBT, and JTT score. Studies were excluded if their data were
inaccessible. SRGs were defined as compact and wearable devices but not rigid exoskeleton
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devices. Participants in the control group received rehabilitation without the use of SRGs
or any similar device. Any discrepancies were discussed with a third investigator (C-YC)
in order to reach a consensus.

2.2. Outcome Measures

Primary outcomes were determined by FMA-UE and FMA-distal UE scores, while
secondary outcomes were based on grip strength, BBT, and JTT scores. The patient’s grip
strength was recorded in pounds (lbs).

2.3. Data Extraction and Quality Assessment

Two investigators (K-MJ and T-YL) independently screened potential titles and ab-
stracts for eligibility. Subsequently, the full text of each potentially eligible article was
assessed. All discrepancies were discussed and resolved in consultation with a third inves-
tigator (C-YC). The following variables were extracted: participant characteristics, outcome
measurements, follow-up period, and intervention protocol (type of device, training con-
tent, frequency, training length, and total training duration). We also contacted the authors
for details when data were missing and excluded studies from data analysis when their
data were inaccessible or the authors did not respond.

Two investigators (C-YC and K-MJ) independently evaluated the risk of bias for all
studies and assessed the quality of the articles included in the analysis using Version 2 of the
Cochrane tool to assess the risk of bias in randomized trials (RoB 2.0 tool) [12]. Conflicting
opinions were discussed until a consensus was reached, with a third investigator (T-YL)
being consulted when necessary.

2.4. Data Synthesis and Statistical Analysis

The results were analyzed using Review Manager V.5.4 software (Cochrane Collabora-
tion, London, UK). Continuous data were expressed as mean ± standard deviation (SD)
and summarized as a standardized mean difference (MD) with 95% confidence intervals
(CIs). A random effects model was used to assess the pooled estimated effect of the interven-
tion. Subgroup analyses were conducted based on stroke latency, type of device, training
length, and total training duration in order to explore the immediate therapeutic effects of
SRGs. The heterogeneity of the outcome measures was examined using the Cochrane I2

statistic and Cochran’s Q test. In cases of statistically significant heterogeneity—defined as
I2 > 75% and Cochran’s Q test p < 0.05—a sensitivity analysis was performed to explore
the possible cause of the heterogeneity. A funnel plot and the Egger regression test were
conducted to assess publications bias, and a two-tailed p-value lower than 0.1 was regarded
as statistically significant. Egger regression test results were analyzed using comprehensive
meta-analysis (CMA 3.0). The Grading of Recommendations Assessment, Development
and Evaluation (GRADE) framework was adopted in order to evaluate the certainty of
evidence from the included trials [13].

3. Results
3.1. Study Selection and Characteristics

Our electronic search initially yielded a total of 912 studies. After primary screening
we identified 156 articles for use in our full-text assessment. Ultimately, eight studies were
incorporated into our analysis involving a total of 309 participants after assessment for
eligibility [14–21]. The flowchart of the selection procedure is shown in Figure 1. The
reasons for exclusion are shown in Table S3.
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tal UE, JTT 
2, 4, 8 weeks 

Vanoglio et 

al. 

(2016) 

[16] 

RCT Italy 

Mean age = 73 years 

Mean stroke latency = 

17 days 

N = 30 
Exp = SRG 

Con = PT 
Grip strength 6 weeks 

Figure 1. PRISMA2020 flow chart showing the literature search and selection process.

A total of eight randomized controlled studies were included in this meta-analysis.
Three studies introduced a rehabilitation program consisting of wearing the RAPAEL
Smart Glove [15,17,19]. There were a total of 142 patients who received therapy with SRGs
and 134 patients who received CR. The characteristics of these studies are summarized
in Table 1, with each study’s SRG protocols summarized in Table 2. Six trials measured
FMA-UE [14,15,17,19–21], three calculated FMA-distal UE [17,19,20], four recorded JTT
scores [15,17–19], three examined grip strength [16,18,19], while two studies examined BBT
scores [19,21]. The total training duration ranged from two to four weeks.
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3.2. Methodological Quality of Included Trials

According to the RoB 2.0, two RCTs [15,17] were considered to have a low risk of bias,
while the other six [14,16,18–21] were rated as having some concerns. A summary of the
risk of bias is shown in Figure 2. The GRADE framework was introduced for intergroup
outcome measure comparison and is presented in Table S4.
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strated in those patients receiving therapy with SRGs through the assessment which was 
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Figure 2. Risk of bias summary for the included trials based on RoB 2.0. Shin et al., 2016 [17];
Vangolio et al., 2017 [16]; Kang et al., 2020 [19]; Carmeli et al., 2021 [21]; Park et al., 2021 [18];
Guo et al., 2022 [20]; Shin et al., 2022 [15]; and Wang et al., 2023 [14].

3.3. Effects of Intervention
3.3.1. Primary Outcome: FMA-UE Scores

A total of 7 trials [14,15,17,19–21] involving 222 patients were included in the quantita-
tive analysis (Figure 3). A significant improvement in FMA-UE scores was demonstrated
in those patients receiving therapy with SRGs through the assessment which was made
immediately after the intervention (MD 6.52, 95% CI: 3.65~9.39, I2 = 8%). A total of 6 tri-
als [15,17,19–21] involving 176 patients demonstrated the follow-up assessment, which
also revealed a significant improvement in FMA-UE scores (MD 7.79, 95% CI: 5.03~10.55,
I2 = 0%) (Figure 3), with the funnel plot shown in Figure S1. In subgroup analyses, patients
who had reached chronic stroke status (latency >6 months) showed significant improve-
ment in their FMA-UE score (MD 4.93, 95% CI: 0.93~8.93, I2 = 19%), with those whose stroke
latency was less than six months also showing significant improvement (MD 8.84, 95%
CI: 4.47~13.22, I2 = 0%). The three trials [15,17,19] which used the RAPAEL Smart Glove
revealed significant improvement in FMA-UE scores (MD 8.43, 95% CI: 4.27~12.59, I2 = 0%),
as did the other four studies which involved other devices (MD 5.29, 95% CI: 0.90~9.67,
I2 = 27%). In the subgroup involving a training length of less than 30 min, significant im-
provement in FMA-UE scores was found (MD 5.85, 95% CI: 2.49~9.21, I2 = 15%), with those
trials whose training length was more than 30 min also showing significant improvement
(MD 9.01, 95% CI: 2.77~15.26, I2 = 3%). Additionally, whether those trials received a total
training duration of more than two weeks (MD 7.12, 95% CI: 3.67~10.57, I2 = 4%) or not
(MD 5.51, 95% CI: 0.04~10.98, I2 = 27%), significant improvements were achieved in both.
Further sensitivity analysis was not needed due to a low heterogeneity (I2 < 50%) being
found in all subgroups. The detailed subgroup analysis results are presented in Table 3. The
certainty of the evidence ranged from low to moderate according to the GRADE appraisal.
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Figure 3. Mean difference (95% CI) of the immediate (a) and long-term (b) effect of SRGs on FMA-UE
compared with CR [14,15,17,19–21]. Guo 2022 a used a steady-state visually evoked potentials-based
brain computer interface soft robotic glove [20]. Guo 2022 b used a computer-controlled soft robotic
glove [20]. (SRG: soft robotic glove, FMA: Fugl-Meyer Assessment scores, UE: upper extremity, CR:
conventional rehabilitation.)

3.3.2. Primary Outcome: FMA-Distal UE Score

A total of 4 trials [17,19,20] involving 109 patients were included in the quantitative
analysis (Figure 4). A significant improvement in FMA-distal UE scores was demonstrated
in patients receiving therapy with SRGs no matter whether the assessment was performed
immediately after the intervention (MD 3.27, 95% CI: 1.50~5.04, I2 = 0%) or during the
follow-up assessment (MD 3.70, 95% CI: 1.92~5.48, I2 = 0%) (Figure 4), with the funnel plot
shown in Figure S2. In subgroup analyses, the three trials whose patients were designated
as chronic stroke status (latency >6 months) showed significant improvement in FMA-distal
UE scores (MD 3.66, 95% CI: 1.80~5.52, I2 = 0%). Two trials [17,19] involving the RAPAEL
Smart Glove revealed no significant improvement in FMA-distal UE scores (MD 2.52,
95% CI: −1.27~6.31, I2 = 42%), while the remaining two trials using other devices did
see improvement (MD 3.50, 95% CI: 0.80~6.20, I2 = 0%). In the subgroup involving those
undergoing a training length of more than 30 min, significant improvement in FMA-distal
UE scores was found (MD 3.50, 95% CI: 0.80~6.20, I2 = 0%), while those trials where
the training length was less than 30 min showed no significant improvement (MD 2.52,
95% CI: −1.27~6.31, I2 = 42%). As for subgroup analysis regarding total training duration,
significant improvement was found no matter whether the duration was for either more or
less than two weeks. Further sensitivity analysis was not required due to low heterogeneity
(I2 < 50%) being found in all subgroups. The detailed subgroup analysis results are
presented in Table 3. The certainty of the evidence ranged from low to moderate according
to the GRADE appraisal.

3.3.3. Secondary Outcome: JTT Scores, Grip Strength, and BBT Scores

Four studies [15,17–19] reported on the effect of therapy involving SRGs when com-
pared to CR on JTT scores, with the results demonstrating both immediate and long-
term improvement in a significant manner: (MD 13.34, 95% CI: 5.16–21.53, I2 = 8%) and
(MD 19.38, 95% CI: 9.94–28.82, I2 = 0%), respectively. The certainty of the evidence was
moderate, according to the GRADE appraisal. However, no significant improvement was
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revealed upon analysis of grip strength (MD 3.11, 95% CI: −6.25~12.47, I2 = 0%) or BBT
scores (MD −0.75, 95% CI: −9.03~7.54, I2 = 0%) (Figures S3–S5). The certainty of the
evidence in each was low, according to the GRADE appraisal.
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p-Value Egger’s Test 

Quality of 
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Value 
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 Stroke latency:       

Figure 4. Mean difference (95% CI) of the immediate (a) and long-term (b) effect of SRGs on
FMA-distal UE, compared with CR [17,19,20]. Guo 2022 a used a steady-state visually evoked
potentials-based brain computer interface SRG [20]. Guo 2022 b used a computer-controlled soft
robotic glove [20]. (SRG: soft robotic glove, FMA: Fugl-Meyer Assessment scores, UE: upper extremity,
CR: conventional rehabilitation).

4. Discussion
4.1. Summary and Contributions

In this study, we conducted a meta-analysis to investigate the effectiveness of re-
habilitation involving SRGs on hand function in stroke patients. Our results show that
rehabilitation with SRGs significantly improved FMA-UE scores, FMA-distal UE scores,
and JJT scores when compared to only CR, with these improvements being observed not
only immediately after the intervention but also in subsequent follow-up assessments.
Regarding distal hand function, our findings suggest that chronic stroke patients who
received rehabilitation combined with the use of SRGs may experience a better immediate
effect, particularly during training sessions lasting more than 30 min. To the best of our
knowledge, this study is the first meta-analysis focusing solely on the effect that SRGs have
on hand function in stroke patients.

4.2. Comparison with Previous Studies

Up until now, few systematic reviews or meta-analyses of randomized controlled trials
have discussed the effect that SRGs have on hand function in stroke patients. Fardipour
et al. published a systematic review in 2022 investigating the therapeutic effects of wearable
robotic gloves on improving hand function in stroke patients. However, use of the device
was not confined to SRGs, and the included trials were not all randomized controlled
trials. Additionally, no meta-analysis was performed. In another study, Luo et al. pub-
lished a systemic review and meta-analysis evaluating the synergistic effect of combined
mirror therapy on the upper extremities in patients with stroke, with one of the experimen-
tal groups going through intervention involving mirror therapy with a mesh glove [22].
Fernández-Vázquez et al. published a systematic review and meta-analysis in 2022, but
the study focused on intervention involving Haptic Glove Systems in combination with
semi-immersive virtual reality (SVR) for use in upper extremity motor rehabilitation after
stroke [23]. The study we have performed was the first systematic review and meta-analysis
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which has purely discussed the effect of SRGs on stroke patients, with the included studies
all being randomized controlled trials.

According to previous meta-analysis, we have found similarities in several outcomes,
but there were also differences which remained in some of the results. The meta-analysis
published by Fernández-Vázquez et al. evaluates the random effect that gloves and SVR
have on FMA, JTT, and BBT scores, revealing that the combined use of rehabilitation gloves
with SVR produces significant improvements over the use of only CR treatment in the
upper extremity functions of stroke patients in both the short and long term, regardless of
whether or not associated CR is also performed. As for our study, we precisely analyzed
FMA, JTT, and BBT scores, respectively, and found significant improvements in FMA -UE
scores, FMA-distal UE scores, and JJT scores. However, no significant improvement in BBT
scores was seen in our study. With regards to grip strength, both Fernández-Vázquez et al.
and our study revealed no significant improvement over simply using CR.

4.3. Clinical Effect

Concerning the minimal clinically important difference (MCID), this often varies across
patient populations and post-onset periods. Thus, it is necessary to have evidence of MCID
at each post-onset period and each level of paresis [24]. The recovery time after a stroke is
often divided into phases. The Stroke Roundtable Consortium has proposed designating
the first 7 days as the acute phase, the first 6 months as the subacute phase, and from
6 months onwards as the chronic phase [25]. The estimated MCID score for upper extremity
motor recovery among patients with subacute stroke is 9 to 10 for FMA-UE scores [26].
Therefore, according to our analysis, four studies included patients in the subacute stroke
phase. The mean of the increased amount in FMA-UE scores was 10.321 in the soft robotic
group but only 4.653 in the control group, which demonstrates that a rehabilitation program
involving intervention with SRGs can achieve meaningful clinical improvements in upper
extremity motor recovery among subacute stroke patients (Figures S6–S8). Alternatively,
the estimated MCID score for upper extremity motor recovery among patients with chronic
stroke is 4.25 to 7.25 for FMA-UE scores [24]. Regarding our analysis, three trials included
patients in the chronic stroke phase. The mean of the increased amount in FMA-UE scores
was 7.377 in the soft robotic glove group but only 1.114 in the control group, which reveals
that a rehabilitation program involving intervention with SRGs can also achieve meaningful
clinical improvement in upper extremity motor recovery among chronic stroke patients
(Figures S6–S8). Conclusively, when compared with the control group, intervention using
SRGs can achieve MCID in both subacute and chronic stroke patients.

Regarding proprioception for the orchestration of muscles to better perform targeted
motions, biofeedback plays a critical role. Biofeedback can provide the patient with imme-
diate and accurate feedback on messages regarding one’s body function by taking intrinsic
physiological signals and making them extrinsic. During biofeedback, patients would be
connected to electrical sensors which allow medical personnel to help receive information
about a patient’s body. This technique gains even further significance for its use in the
rehabilitation of neurological disorders such as stroke, requiring compensation of motor
and sensory functions which may be augmented by biofeedback devices [27]. Most of
the soft robotic devices adopted in the trials that we have included here did contain a
biofeedback system which could be used in the form of either electromyography which
measures muscle tension or electroencephalography which measures brain wave activity.
The influences of biofeedback content on robotic post-stroke gait rehabilitation have been
studied extensively. A systematic review published by Stanton et al. in 2017 reveals that
biofeedback improves performance in lower limb activities more than simply the use of
typical therapy in people following stroke [28]. We believe that the improvements SRGs
make on hand function are also strongly associated with a biofeedback system.
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4.4. Subgroup Analysis

With regards to subgroup analysis, we were impressed by the more significant im-
provements made in the distal extremities by patients in the chronic stroke phase than
those made in the subacute phase. It has become well known that neuroplasticity plays an
important role towards improving one’s condition after people experience injuries such
as stroke or traumatic brain injury. Neuroplasticity is defined as the ability of the nervous
system to change its activity in response to intrinsic or extrinsic stimuli by reorganizing its
structure, functions, and connections [29]. A previous study has shown that neuroplasticity
was most prominent shortly after stroke, particularly during the first thirty days of the
post-stroke period, before diminishing over subsequent sessions [30]. We believe that
even CR without the use of SRGs could help achieve improvement to some extent for
stoke patients in the subacute phase due to neuroplasticity remaining strong. However,
since neuroplasticity diminishes gradually over time after stroke, the superiority of the
soft robotic glove group over the control group was more obviously seen among stroke
patients in the chronic phase. Furthermore, we found that when compared with total
training duration, training length had a more positive influence on hand function. The
subgroup analysis of FMA-distal UE scores revealed that significant improvement was
made only when the training length lasted for more than 30 min per session. This result is
reasonable considering that a longer training length would likely have a greater effect on
any improvement regarding fine tuning the motor skills of the distal extremities. However,
the most suitable training duration involving SRGs for stroke patients remains uncertain,
and thus, further research for evaluation of this variable remains necessary.

4.5. Limitations

However, several limitations still exist. Firstly, only a few related trials which com-
pletely fulfill our inclusion criteria currently exist, and most of them have been published in
an Asian country. Furthermore, it was not only the design of the rehabilitation program and
the soft robotic device which were both adopted by each trial that were different, but it was
also the long-term follow-up period which was diverse among the different studies that we
had included. Additionally, the training period in the control group was prolonged in order
to fill the time taken by the SRG training sessions used in several studies [14–17,19–21],
which may have caused heterogeneity between the different studies.

4.6. Future Work

To better demonstrate a more comprehensive result, further studies are required in the
future in order to maintain consistency in the design of SRGs, the period of each training
session, the total training duration, and the follow-up period. These studies should be
performed in order to better help achieve a more complete analysis.

5. Conclusions

Our results support the immediate and long-term effectiveness of conventional re-
habilitation combined with SRGs in promoting the functions of extremities in patients
with PSH, based on improvements seen in FMA-UE, FMA-distal UE, and JTT scores. The
effect on distal hand function was most significant when rehabilitation occurred which
consisted of SRG use exceeding 30 min per session and when the latency of the stroke was
more than six months. These findings offer a perspective on refined SRG prescriptions
for patients experiencing PSH. Future randomized controlled trials involving more varied
stroke patients and a uniform prescription are still needed in order to better explore the
effects of SRGs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci13060900/s1; Table S1: PRISMA 2020 Checklist; Table S2:
Electronic database searching strategy; Table S3: Reasons for exclusion; Table S4: Appraisal of the
included studies using the GRADE tool; Figure S1: Funnel plot of studies comparing immediate
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and long-term FMA-UE between the soft robotic gloves and conventional rehabilitation groups;
Figure S2: Funnel plot of studies comparing immediate and long-term FMA-distal UE between the
soft robotic gloves and conventional rehabilitation groups; Figure S3: Mean difference (95% CI) of the
immediate and long-term effect of soft robotic gloves on the Jebsen–Taylor hand function test when
compared with conventional rehabilitation; Figure S4: Mean difference (95% CI) of the effect of soft
robotic gloves on grip strength when compared with conventional rehabilitation; Figure S5: Mean
difference (95% CI) of the effect of soft robotic gloves on box and blocks test scores when compared
with conventional rehabilitation; Figure S6: Mean difference (95% CI) of baseline on FMA-UE of
subacute stroke patients between groups; Figure S7: Mean difference (95% CI) of baseline on FMA-UE
of chronic stroke patients between groups; and, Figure S8: Mean of the increase amount on FMA-UE
of stroke patients in the subacute and chronic phases.
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Abstract: Resistance training induces neuromuscular adaptations and its impact on spasticity remains
inadequately researched. This systematic review (PROSPERO: CRD42022322164) aimed to analyze the
effects of resistance training, compared with no treatment, conventional therapy, or other therapies,
in people with stroke-related spasticity. A comprehensive search was conducted up to October
2023 in PubMed, PEDro, Cochrane, Web of Science, and Scopus databases. Selection criteria were
randomized controlled trials involving participants with stroke-related spasticity intervened with
resistance training. The PEDro scale was used to evaluate the methodological quality. From a total
of 274 articles, 23 full-text articles were assessed for eligibility and nine articles were included in
the systematic review, involving 225 participants (155 males, 70 females; mean age: 59.4 years).
Benefits were found to spasticity after resistance training. Furthermore, studies measuring spasticity
also reported benefits to function, strength, gait, and balance. In conclusion, resistance training
was superior to, or at least equal to, conventional therapy, other therapies, or no intervention for
improving spasticity, as well as function, strength, gait, and balance. However, the results should be
taken with caution because of the heterogeneity of the protocols used. Further research is needed to
explore the effects of resistance training programs on people with stroke.

Keywords: stroke; muscle spasticity; resistance training

1. Introduction

Stroke is defined as a sudden loss of neurological function resulting from an infarction
or hemorrhage in the brain, spinal cord, or retina and this loss is persistent for over 24
h [1]. It is the second leading cause of death worldwide [2]. In addition, it leads to motor
dysfunction and limitations in activities of daily living and quality of life [3]. Spasticity is a
motor disorder characterized by an increase in the muscle stretch reflex, accompanied by
hypertonia and hyperreflexia, associated with an injury to the upper motor neurons [4].
The neurophysiology of spasticity in stroke involves damage to specific brain areas, such
as the superior corona radiata, posterior limb of the internal capsule, thalamus, putamen,
premotor cortex, and insula [5]. These brain lesions disrupt the normal inhibitory signals
from the brain to the muscles, leading to hyperexcitability of the stretch reflex and increased
muscle tone [6]. It is estimated that between 38% and 40% of people with stroke will have
some spasticity, with treatment being necessary in 16% of cases. This estimated prevalence
varies depending on the time elapsed after the stroke, being 27% in the first month, and
42.6% in periods longer than 3 months [7].

Voluntary muscle contraction and recruitment of muscle fibers in people with stroke
may be highly complex because of the exorbitant response it provokes immediately, so it is
usually avoided [8]. Traditional stroke treatment programs excluded muscle strengthening
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because it overexcited the muscle tracts, increasing the spastic process; while muscle weak-
ness was considered as a secondary factor in limiting motor function [9,10]. Nonetheless,
it is known that paretic muscle atrophy strongly correlates with reduced fitness levels,
so resistance training has the potential to support normal muscle functioning within the
affected limb and may counteract the stroke-related decrease of physical fitness as well
as the stroke-related sarcopenia [11–13]. Exercise has been shown to create an optimal
environment for neuroplasticity in the primary motor cortex and other areas of the brain
related to motor control, leading to enhanced motor learning and function [14].

In recent years, it has been shown that there is great evidence of the benefits of
resistance training programs in different populations [15–19]. In this sense, resistance
training induces a development of power, hypertrophy, and muscle strength, by generating
neural and structural adaptations in the medium and long term [20], besides the increase
in force production that implies the development of muscle size and cross-section, as well
as the modification of the arrangement of muscle fibers [21]. Furthermore, there is an
improvement in intermuscular coordination, which is manifested in an intensification in
the relaxation capacity of the antagonist muscles during agonist contraction [22], and a
greater recruitment of motor units in less time, with an optimization of reflex phenomena.
This leads to an increase in the speed and strength of muscle contraction [23]. Nevertheless,
it is reasonable to assume that these benefits are present in stroke patients and reduce
spasticity, but to date, there is no literature indicating the neurophysiological mechanisms
that provoke this phenomenon.

In view of this background, the treatment of spasticity in people with stroke is a
main therapeutic goal, but the evidence of using resistance training as an intervention
for spasticity is still unclear. This issue was analyzed [15–19] in a systematic review and
meta-analysis [11], in which the benefits of resistance training in supporting the recovery
of stroke patients were analyzed, and no significant improvements with respect to no
intervention or other interventions were found in spasticity. This result was based on only
two randomized controlled trials (RCT), highlighting the lack of available evidence on
this topic. Therefore, there is no systematic review on the uses of resistance training on
spasticity that synthetizes the protocols used and serves as a basis for clinical decision
making in stroke rehabilitation.

Therefore, the aim of this systematic review was to analyze the effects of resistance
training on spasticity in people with stroke. Furthermore, we aimed to explore the implica-
tions on function, strength, gait, and balance in addition to the spasticity. Moreover, the
resistance training programs and protocols for the treatment of people with stroke will
be analyzed.

2. Methodology

The present study is a systematic review reported according to the guidelines estab-
lished in the PRISMA 2020 statement (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) [24] (File S1 in Supplementary Material). In addition, this systematic
review was registered in the Prospective Register of Systematic Reviews (PROSPERO),
register number: CRD42022322164.

2.1. Search Strategy and Selection Process

The literature search for this review was conducted up to October 2023, using the
following databases: PubMed, PEDro (Physiotherapy Evidence Database), WoS (Web of
Science), Scopus, and CENTRAL (Cochrane Controlled Register of Trials). The search
strategy was performed through the combination of different keywords and Boolean
operators “AND” and “OR”, as shown in Table 1. In the PubMed, CENTRAL, WoS, and
Scopus databases, study filters were applied showing only RCT in the case of PubMed,
trials in the case of CENTRAL, and articles in the case of WoS and Scopus. For the PEDro
database, an advanced search was performed filtering as therapy “strength training”,
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subdiscipline “neurology”, and methods “clinical trial”. No filters were applied to the date
of publication, and no language restriction was established.

Table 1. Search strategy.

Database Number of
Articles Search Strategy

PubMed 16

(“stroke” OR “cerebrovascular accident” OR “hemiparesis”
OR “hemiplegia”) AND (“Resistance Training” OR “Strength
Training” OR “strengthening”) AND (“Muscle Spasticity” OR

“Muscle Hypertonia” OR “Spastic*” OR “Muscle Tonus”)
Filter applied: Randomized Controlled Trial

PEDro 39

(“Stroke” AND “spasticity)
Therapy: strength training
Subdiscipline: neurology

Methods: clinical trial

Web of Science
(All Databases) 30

TS = ((“stroke” OR “cerebrovascular accident” OR
“hemiparesis” OR “hemiplegia”) AND (“Resistance Training”
OR “Strength Training” OR “strengthening”) AND (“Muscle

Spasticity” OR “Muscle Hypertonia” OR “Spastic*” OR
“Muscle Tonus”))

Document Types: Clinical Trial

Scopus 100

TITLE-ABS-KEY((“stroke” OR “cerebrovascular accident” OR
“hemiparesis” OR “hemiplegia”) AND (“Resistance Training”
OR “Strength Training” OR “strengthening”) AND (“Muscle

Spasticity” OR “Muscle Hypertonia” OR “Spastic*” OR
“Muscle Tonus”)

CENTRAL 89

(“stroke” OR “cerebrovascular accident” OR “hemiparesis”
OR “hemiplegia”) AND (“Resistance Training” OR “Strength
Training” OR “strengthening”) AND (“Muscle Spasticity” OR

“Muscle Hypertonia” OR “Spastic*” OR “Muscle Tonus”)

The bibliographic information of the retrieved articles was imported into the Mendeley
Desktop (version 1.19.4) [25]. An initial manual check was performed to ensure accuracy,
followed by grouping and sorting by title to eliminate duplicates. Titles and abstracts
were then assessed, and those without human subjects and non-RCTs were discarded.
Finally, compliance with inclusion criteria was annotated using the notes tool in Mendeley
Desktop [25]. Articles that did not meet the established selection criteria were excluded
by evaluating the full-text of the screened articles. The remaining studies were eligible for
inclusion in the systematic review.

Two authors (J.C.C.-B. and D.L.-A.) were responsible for the literature search and
retrieval of potentially relevant studies. A third reviewer (J.A.M.-M.) took part to reach a
consensus when necessary.

2.2. Selection Criteria

The criteria defined for the inclusion of this study were based on the PICOS (Pa-
tient, Intervention, Outcomes, and Study type) research model [26]: (P) adults with stroke;
(I) resistance training isolated or mixed (such as functional exercise, aerobic training or
task-oriented training) programs aiming to develop muscle strength; (C) no treatment, con-
ventional therapy, or other therapies; (O) spasticity; (S) RCT. Studies involving non-active
interventions for muscle strength improvement were excluded (e.g., electrostimulation).
We also excluded trials that had a mix of people with stroke and other populations and did
not report outcomes for people with stroke separately.

2.3. Data Extraction

The extracted data included the characteristics of the study participants, the duration
and sessions performed in each intervention, the characteristics of the intervention, the time
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and tools of measurement, and data on the results. Data extraction was performed by two
independent reviewers (J.C.C.-B. and D.L.-A.). A third reviewer (J.A.M.-M.) participated in
resolving conflicts during the process.

2.4. Methodological Quality Assessment

The articles included in this review were evaluated using the PEDro scale to assess
their methodological quality [27]. The PEDro scale allows users to determine in a simple
way the external validity (criterion 1), the internal validity (criteria 2–9), and the statistical
information for the interpretation of the results (criteria 10 and 11), being a very useful
and specific instrument to evaluate the quality of clinical trials. According to the score
obtained on the PEDro Scale, the studies have been classified as low quality (score less than
4), moderate (score of 4–5), good (score of 6–8) or excellent (score of 9–10), with criterion 1
being excluded from the final score [28].

The assessment was performed independently by two authors (J.C.C.-B. and J.A.M.-M.).
A third reviewer (A.D.M.-R.) participated to establish a consensus when necessary.

3. Results

A total of 274 articles were found in a first search and a total of 80 duplicate records
were removed. The titles and abstracts of the remaining records (194) were screened and
171 were then excluded due to different reasons (not topic and not RCT). The full-texts of
the 23 remaining studies were assessed to verify the compliance of the eligibility criteria.
Finally, nine articles were included in this review. The PRISMA flowchart in Figure 1 shows
the selection of studies for this systematic review.
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3.1. Methodological Quality

As shown in Table 2, the mean score of the PEDro scale of the articles included in this
review is 5, classified as a moderate mean methodological quality. The studies that score
highest on this scale were those of Coroian et al. [29], Dehno et al. [30], and Patten et al. [31],
considering them to have a good methodological quality, with a score of 7/10. On the other
hand, the study included in this review with the lowest score on the PEDro scale is that of
Fernandes et al. [32], with a score of 2/10, therefore having a low methodological quality.

Table 2. PEDro scale score for the studies included in this systematic review.

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

Akbari et al. (2006) [33] - Yes No Yes No No Yes No No Yes Yes 5
Coroian et al. (2018) [29] - Yes No Yes No No Yes Yes Yes Yes Yes 7
Dehno et al. (2021) [30] - Yes Yes Yes No No Yes Yes No Yes Yes 7

Fernandes et al. (2015) [32] - No No No No No No Yes No No Yes 2
Fernandez et al. (2016) [34] - Yes No Yes No No Yes Yes No Yes Yes 6
Flansbjer et al. (2008) [35] - Yes No Yes No No No Yes Yes Yes No 5

Mun et al. (2019) [36] - Yes No Yes No No No No No Yes Yes 4
Lattouf et al. (2021) [37] - Yes No Yes No No No No No Yes Yes 4
Patten et al. (2013) [31] - Yes Yes Yes No No Yes Yes No Yes Yes 7

Range: 0–10. Item 1 is not used in the method score. Item 1: Eligibility criteria; Item 2: Random allocation; Item
3: Concealed allocation; Item 4: Baseline similarity; Item 5: Subject blinding; Item 6: Therapist blinding; Item 7:
Assessor blinding; Item 8: >85% follow-up; Item 9: Intention-to-treat analysis; Item 10: Between-group statistical
comparison; and Item 11: Point and variability measures.

3.2. Participants

The characteristics of the participants included in this study are shown in Table 3. A
total of 225 participants were included in this review, with the study by Lattouf et al. [37]
reporting the largest number (n = 37), while the RCT by Fernandes et al. [32] had the
smallest (n = 16). The mean age was 59.4 years, with Patten et al. [31] reporting the oldest,
72.9 years, and Akbari et al. [33] reporting the youngest, 48.8 years. The number of women
included represented 32% of the total number of participants and only Fernandes et al.
is gender-balanced [30]. In contrast, the study by Fernandes et al. [32] only presents
male subjects.

The median time elapsed after the cerebrovascular event in the included participants
was 21.3 months, with only one study presenting subjects with an acute cerebrovascular
event [32]. The study by Fernandez et al. [34] had the participants with the longest time
elapsed after stroke.

The proportion of patients with an ischemic-hemorrhagic stroke was reported in all of
the studies, with the exception of one study [33]. In this way, ischemic stroke occurred in
73.30% of cases.

Table 3. Main characteristics of the participants included in the systematic review.

Studies Number of
Participants/EG:CG Age (SD) Male:Female Time After

Stroke (SD) Ischemic:Hemorrhagic

Akbari et al. (2006) [33]
N:34
17:17

EG 49.3 (7.1) years EG 10:7 EG 34.5 (26.37)
months EG ND

CG 48.8 (3) years CG 9:8 CG 35.3 (27.5)
months CG ND

Coroian et al. (2018) [29]
N: 20
10:10

EG 63.6 (12.6) years EG 8:2 EG 32.2 (12.8–629.6)
months EG 9:1

CG 63.6 (10.6) years CG 8:2 CG 29.1 (7.6–90.1)
months CG 7:3

Dehno et al. (2021) [30]
N: 26
13:13

EG 53 (9.36) years EG 7:6 EG 95.22 (37.14) days EG 11:2
CG 49.77 (15.48)

years CG 6:7 CG 101.62 (32.39)
days CG 12:1
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Table 3. Cont.

Studies Number of
Participants/EG:CG Age (SD) Male:Female Time After

Stroke (SD) Ischemic:Hemorrhagic

Fernandes et al. (2015) [32] N: 16
9:7

EG 58 (6) years EG 9:0 EG 15 (5) days EG 6:3
CG 58 (7) years CG 7:0 CG 17 (4) days CG 5:2

Fernandez et al. (2016) [34] N: 29
14:15

EG 61.2 (9.8) years EG 11:3 EG 3.5 (3.6) years EG 9:5
CG 65.7 (12.7) years CG 11:4 CG 4.3 (4.9) years CG 11:4

Flansbjer et al. (2008) [35]
N: 24
15:9

EG 61 (5) years EG 9:6 EG 18.9 (7.9) months EG 12:3

CG 60 (5) years CG 5:4 CG 20.0 (11.6)
months CG 6:3

Mun et al. (2019) [36]
N:20
10:10

EG 53.1 (13.4) years EG 8:2 EG 20.3 (14.4) months EG 3:7

CG 54.0 (9.1) years CG 8:2 CG 15.8 (10.2)
months CG 7:3

Lattouf et al. (2021) [37]
N: 37
19:18

EG 65.1 (11.7) years EG 11:8 EG 11.61 (4.07)
months EG 14:5

CG 68.7 (12.4) years CG 11:7 CG 12.26 (5.41)
months CG 14:4

Patten et al. (2013) [31] N: 19
9:10

GA 64.7 (9.7) years GA 6:3 GA 14.7 (2.7) months GA 7:2
GB 72.9 (11.1) years GB 9:1 GB 11.4 (4.3) months GB 7:3

CG, Control group; EG, Experimental group; GA, Group A; GB, Group B; ND, Not described.

3.3. Interventions

The characteristics of the interventions included in this review are shown in Table 4.
Many of the included studies lasted 4 weeks [30,31,33,37], and two extend up to 12
weeks [32,34]. In terms of the number of sessions, three of the articles covered a total
of 12 sessions [30,31,33], while the study by Fernandes et al. [32] stood out for having the
highest number of sessions, with a total of 48.

Regarding weekly frequency, it was observed that three of the studies implemented
3 sessions per week [29,30,33], and two had the maximum frequency, with 5 weekly
sessions each [36,37]. Two articles showed the lowest frequency, with only two sessions per
week [34,35]. It should be noted that Coroian et al. [29] and Lattouf et al. [37] performed two
daily sessions with a frequency of three days per week and five days per week, respectively.

In relation to the duration of the sessions, considerable variability was observed among
the articles. The average duration of the sessions was 70 min, ranging from the shortest
session of 30 min [29,36,37] up to the longest of 3 h [33]. It should be considered that two of
the three articles that held 30-min sessions performed two sessions a day [29,37].

In terms of the interventions, four studies focused only on resistance training as an
exercise modality [29,34–36]. Two studies combined resistance training with conventional
therapy [30,37], while two others did so with task-oriented training [31,32]. Only one
intervention complemented resistance training with aerobic and functional exercises [33].
Six workouts were specifically aimed at the lower limbs [32–37], while three focused on the
upper limbs [29–31], addressing specific aspects, such as wrist, elbow, and wrist, as well as
shoulder and elbow.

Regarding the systems used to perform resistance training, three studies used dy-
namometers [29–31], and the remaining studies used a leg press [37], sliding stander [36],
knee exercise machine [35], and an inertial flywheel [34]. The remaining two studies did
not specify the system used. These findings reflect the heterogeneity in the methods and
equipment used in the studies reviewed, although there is a consensus that the exercises
employ closed kinetic chains.
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Table 4. Main characteristics of the interventions included in the systematic review.

Studies
Duration of Intervention;

Frequency of Sessions;
Session Time

Intervention

Akbari et al.
(2006) [33]

4 weeks; 3 weekly sessions; 3
h per session

EG: 3-part program. Part 1: Standing, walking, and aerobic conditioning
exercises. Part 2: Functional exercises. Part 3: Strengthening of the lower limbs,

with concentric contraction at 70% 1RM, or synergistic contractions for
weakened muscles. Ten repetitions of each exercise for each muscle group

CG: Same protocol not including the 3rd part

Coroian et al.
(2018) [29]

6 weeks; 3 weekly sessions; 2
daily sessions of 30 min

EG: Isokinetic strengthening of the elbow and wrist with dynamometer. A
total of 10 min of warm-up (36 reps at 20% 1RM and 15–30◦ per second) + 30

min of session (six sets of eight reps at 40–70% 1RM, at 15–45◦ per second)
CG: 45 min of passive elbow and wrist mobilization with dynamometer

Dehno et al.
(2021) [30]

4 weeks; 3 weekly sessions; 60
min per session for CG and 45

min for EG

EG: CT + Unilateral Resistance Training for Wrist Extensors with Isokinetic
Dynamometer. Five sets of six concentric repetitions, at 60◦/second, with

2-min breaks between sets
CG: CT

Fernandes et al.
(2015) [32]

12 weeks; 4 weekly sessions;
70 min per session

EG: Task-oriented training + Lower limb strengthening affect: three sets of 10
reps, increasing resistance in different positions for each muscle group

CG: Task-oriented training

Fernandez et al.
(2016) [34]

12 weeks; 2 weekly sessions;
ND

EG: Unilateral strengthening in the lower limbs with a leg press with an
inertial flywheel. Four sets of seven reps maximum, with 3 min of recovery

between sets
CG: Non-intervention

Flansbjer et al.
(2008) [35]

10 weeks; 2 weekly sessions;
90 min per session

EG: Lower limb strengthening on knee exercise machine. Warm-up (5 min. of
stationary bike, five reps without resistance and five reps at 25% 1RM) +

Session (two sets of six to eight reps at 30–40 s per set, at 80% 1RM). After
training, passive stretching of the muscles

CG: Usual daily activities

Mun et al.
(2019) [36]

6 weeks; 5 weekly sessions; 30
min per session

EG: Strengthening of the lower limbs in a sliding stander. Warm-up and
cool-down (reps for 5 min and 25% 1RM) + session (20 min, 3 sets of 15 to 20

reps at 70% 1RM)
CG: CT

Lattouf et al.
(2021) [37]

4 weeks; 5 weekly sessions; 2
sessions of 30 min

EG: CT + Resistance training in lower limbs in horizontal press (3 phases:
concentric, static, and eccentric). Three sets of five repetitions, at 40% 1RM in

the first two phases, and at 60% 1RM in the last phase
CG: CT

Patten et al.
(2013) [31]

4 weeks for each intervention,
with 4 weeks off between both

interventions; 3 weekly
sessions for each intervention;

75 min per session

Functional Physical Therapy Intervention: Functional tasks with progression
of six objectives and nine activity categories

Hybrid Intervention: Functional Physical Therapy (20–30 min) + shoulder and
elbow resistance training with dynamometer (35 min, 3 sets of 10 reps of

shoulder abduction/adduction, shoulder flexion/extension, external/internal
rotation of the shoulder, and flexion/extension of the elbow; first set in

eccentric and the next two in concentric, with gradual increase in speed)

1RM, One-Repetition Maximum CG, Control Group; CT, Conventional Therapy; EG, Experimental Group; ND,
Not Described.

The results of the systematic review showed significant variability in exercise intensity,
although a considerable number of studies used a load of 70% of repetition maximum,
evidencing a common preference for this intensity [29,33,36]. Overall, articles reported a
load ranging from 40% to 80% of the maximum repetition. A prominent approach was the
inclusion of an inertial exercise, whereby the intensity of the exercise depended on the force
applied by the participant himself [34].

Regarding the number of sets and repetitions, the results suggest that, although we
did not identify a universally predominant protocol, some notable patterns and trends
were evidenced. In terms of the number of repetitions, it was noted that most studies
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opted for protocols with repetitions ranging from 6 to 15. In particular, the most common
protocol consisted of 3 sets of 10 repetitions, this being the standard adopted in several stud-
ies [31,34]. Regarding the number of series, a heterogeneous distribution was found. The
general preference was to perform between 3 and 5 sets per training session [30–32,34,36,37].
However, some studies presented less conventional approaches, such as that of Flansbjer
et al. [35], which proposed 2 sets of 6–8 repetitions. As for the speed of execution, it is only
specified in three articles, and there is a discrepancy in this aspect [29,30,35].

It should be noted that there seems to be an interest in the combination of the different
forms of contraction, looking for concentric, isometric, and concentric phases during the
execution of the repetition [31,32,37]. However, even though many do not specify the type
of contraction requested, it can be inferred from the type of exercise to be carried out that
the concentric contraction stands out.

3.4. Outcomes Measures

The outcome measures, measuring instruments, and results obtained by the studies
are shown in Table 5.

Table 5. Evaluation and results of the articles included in the systematic review.

Studies Outcome Measures Results

Akbari et al.
(2006) [33]

Two measurement time points
(pre and post intervention)

- Spasticity: MAS
- Strength: Maximum force

evaluated with
dynamometer.

Spasticity: There was a significant decrease in quadriceps spasticity in EG (p < 0.0001), but no
change in CG (p = 0.055). There was a significant decrease in gastrocnemius spasticity in both

EG (p < 0.0001) and CG (p = 0.041). A significant decrease in spasticity was found in EG
compared to CG in both quadriceps (p = 0.034) and gastrocnemius (p = 0.001).

Strength: There was an increase in strength in all muscles in EG on both the affected side
(p < 0.0001) and the non-affected side (p < 0.0001). No differences in strength were found in

CG, except in hip and knee extensors (p < 0.0001) and ankle flexors (p = 0.008) on the
non-affected side, and hip extensors (p = 0.003) and knee extensors (p < 0.0001) on the

affected side. A significant increase in muscle strength was found in EG compared to CG
(p < 0.0001), except in knee extensors (p = 0.184).

Coroian et al.
(2018) [29]

Four measurement time points
(pre and post intervention, 3
months after and 6 months
after)

- Spasticity: MAS.
- Function: UL-FMA
- Strength: Maximum force

evaluated with
dynamometer

Spasticity: No significant differences in spasticity were found between the different time
points in both groups (p = 0.4). No significant differences were found between groups

(p = 0.98).
Function: No significant differences were found pre and post intervention in the total

UL-FMA score between the two groups (p = 2). No differences were found in the proximal
UL-FMA score. In subsequent time points, no significant differences were found in UL-FMA

scores between the two groups. There was a significant improvement for EG in the total
UL-FMA score pre and post intervention (p < 0.01), which was maintained at 3 months

(p < 0.01) and 6 months (p < 0.01)
Strength: No significant differences were found in changes in dynamometer scores in
different time points for elbow flexors (p = 0.2), elbow extensors (p = 0.3), wrist flexors

(p = 0.1) and wrist extensors (p = 0.1). No significant differences were found between groups
in dynamometer scores for elbow flexors (p = 0.2), elbow extensors (p = 0.8), wrist flexors

(p = 0.2) or wrist extensors (p = 0.3).

Dehno et al.
(2021) [30]

Two intervention measurement
time points (pre and post
intervention)

- Spasticity: MMAS.
- Function: UL-FMA.
- Strength: On the less

affected side, maximum
force evaluated with
dynamometer. On the
most affected side, the
Medical Research Council
scales.

Spasticity: A significant improvement was found in the MMAS score in EG (p = 0.002). There
were no differences in the MMAS score in CG (p = 0.165). A significant change in spasticity

was found in EG compared to CG (p = 0.014).
Function: Significant improvements were found for both groups between pre and post

intervention in the total UL-FMA score (EG p = 0.001, CG p = 0.001). The improvement in the
UL-FMA score in the EG was significantly greater than in the CG (p = 0.04).

Strength: There was a significant improvement in the strength of the less affected side in EG
(p = 0.001). There were no significant differences in the strength of the less affected side in

CG (p = 0.106). There was a significant improvement in the strength of the less affected side
between EG and CG (p = 0.001). There was a significant improvement in the strength of the
most affected side compared to the start of treatment in EG (p = 0.001) and CG (p = 0.001).

There was a significant improvement in EG compared to CG (p = 0.029).
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Table 5. Cont.

Studies Outcome Measures Results

Fernandes
et al. (2015)

[32]

Two measurement time points (pre
and post intervention)

- Spasticity: MAS.
- Balance: BBS

Spasticity: There were no significant differences between or within the groups (p ≥ 0.05).
Balance: The results in the BBS showed significant differences in both groups (EG

p = 0.002, CG p = 0.008). The comparison between groups after the intervention showed
that there was a significant difference, with the EG achieving a greater improvement

(p = 0.008).

Fernandez et al.
(2016) [34]

Two measurement time points (pre
and post intervention)

- Spasticity: MAS
- Strength: Maximum isometric

and dynamic force evaluated
in leg press

- Gait: TUG.
- Balance: BBS.

Spasticity: There were no differences between or within the groups.
Strength: Differences were found in the isometric strength of the affected leg after the
intervention in EG (p = 0.02). An improvement in isometric strength was found in EG

compared to CG, although it was not significant (p = 0.06). There was an improvement in
the dynamic strength of both legs after the intervention in EG (p = 0.03). A significant

improvement in dynamic strength was found in EG compared to CG (p = 0.03).
Gait: An improvement was found in TUG after the intervention in EG (p = 0.01) but not
in CG. Significant improvements were found in TUG in EG compared to CG (p = 0.04).
Balance: An improvement in BBS after the intervention was found in both EG (p < 0.001)

and CG (p = 0.01). Significant improvements were found in EG compared to CG
(p < 0.001).

Flansbjer et al.
(2008) [35]

Three measurement time points (pre
and post intervention, and 5 months
after the intervention)

- Spasticity: MAS.
- Strength: Dynamic strength

on a knee exercise machine.
Maximum isometric force
assessed with a
dynamometer.

- Gait: TUG, Fast Gait Speed,
and 6MWT.

Spasticity: A significant improvement in the MAS score was found after the intervention
in EG (p < 0.01) and CG (p = 0.02), which did not continue at follow-up. There were no

significant differences between EG and CG after the intervention or at follow-up.
Strength: There were significant improvements in dynamic strength both after the

intervention and at follow-up in EG (p < 0.001), for both paretic and non-paretic limbs.
For CG, significant improvements in dynamic strength were found after intervention in
the non-paretic limb (p < 0.05), but not in the paretic, and at follow-up only non-paretic

flexion was significantly higher (p < 0.05) than at baseline. There were significant
differences between EG and CG after the intervention (p < 0.001) and at follow-up

(p < 0.001). There were significant improvements in isokinetic strength for both limbs
both after the intervention and at follow-up in EG (p < 0.01). No differences were found

for CG in isokinetic strength at intervention or follow-up. There was a significant
difference between EG and CG (p < 0.05) after the intervention for non-paretic limb

extension and flexion, and at follow-up for non-paretic limb extension.
Gait: For EG, all gait tests improved significantly (p < 0.05) after the intervention, and

that change was maintained at follow-up in TUG and 6MWT scores. For CG, only TUG
improved significantly (p < 0.05) after the intervention.

There were no significant differences between EG and CG between pre and post
intervention, but there were significant differences at follow-up for TUG score (p < 0.05).

Mun et al.
(2019) [36]

Two measurement time points (pre
and post intervention)

- Spasticity: Biodex system
assessing the resistance to
mobilization within different
speed movements.

- Gait: TUG
- Balance: BBS; Platform for

calculating load distribution
in standing with eyes open
and closed.

Spasticity: There was a decrease in spasticity in EG between pre and post intervention at
angular velocities of 60◦/sec, 180◦/sec, and 240◦/sec (p < 0.05). There was a decrease in
spasticity in CG between pre and post intervention at angular velocities of 180◦/sec and
240◦/sec (p < 0.05). EG decreased spasticity statistically significantly compared to CG at

angular velocities of 180◦/sec (p = 0.02) and 240◦/sec (p = 0.04).
Gait: There was a significant decrease in the TUG score for both groups after the

intervention (p < 0.05). No statistically significant differences were observed between the
two groups (p = 0.11).

Balance: There was a significant improvement in the BBS score for both groups after the
intervention (p < 0.05). The BBS score in EG increased significantly compared to the CG

(p < 0.01). An increase in weight distribution to the paretic side was found in both
groups, both with eyes open and closed, after the intervention (p < 0.05). EG statistically

significantly increased weight distribution with both eyes open (p = 0.04) and closed
(p = 0.03) compared to CG.

Lattouf et al.
(2021) [37]

Two measurement time points (pre
and post intervention)

- Spasticity: MAS
- Gait: 10-m Walk Test; 6MWT
- Strength: Maximum force

calculated from Brzycki’s
equation

Spasticity: There were no differences between or within the groups.
Gait: For both groups, a significant difference was found in the time of the 10-m Walk
Test (p ≤ 0.00001), with a higher walking speed after the intervention. No differences

were found in the time of the 10-m Walk Test between the two groups after the
intervention. A significant effect was observed in 6MWT between pre and post

treatment for CG (p ≤ 0.0003) and for EG (p ≤ 0.0001). The results showed a statistically
significant difference between the two groups (p ≤ 0.01).

Strength: There was a significant difference between pre and post treatment for both
groups (CG p ≤ 0.0001, EG p ≤ 0.0001). EG showed a significantly greater increase after

treatment than CG (p ≤ 0.014).
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Table 5. Cont.

Studies Outcome Measures Results

Patten et al.
(2013) [31]

Four measurement time points
(pre-evaluation, in the rest period, at
the end of the interventions, and at 6
months)

- Spasticity: Ashworth Scale
- Function: WMFT-FAS,

UL-FMA, FIM

Spasticity: No significant changes were found in the Ashworth score at the
post-intervention assessment or at 6 months (p > 0.05).

Function: Significant improvements in WMFT-FAS were found after treatment block 1 in
both groups (p < 0.05). These differences were significantly greater after the Hybrid

Group compared to the Functional Physical Therapy group (p = 0.03). Tests of a period
effect revealed greater improvements in WMFT-FAS after Hybrid versus Functional

Physical Therapy (p = 0.02), regardless of where they occurred in the order of treatment.
Overall, no differences were revealed because of the order of treatment (p = 0.43). A

significant increase in WMFT-FAS was observed during the 6-month follow-up period
(p = 0.03). No differences were revealed between Order A and Order B at the 6-month
follow-up (p > 0.05). A significantly higher proportion of participants (51% vs. 39%)

achieved the minimum significant difference of two points or more in the FIM after the
Hybrid (p = 0.05). These positive changes were observed in 69% of participants at 6

months (p = 0.05). Post-intervention improvements were detected in both the total score
and the shoulder-elbow portions of the UL-FMA, but these were not statistically
significant. Significant differences were found for UL-FMA at 6 months after the

intervention, with the minimum significant difference reaching 53% of all participants
(p = 0.04)

6MWT, 6-Minute Walk Test; BBS, Berg Balance Scale; CG, Control Group; EG, Experimental Group; FIM, Functional
Independence Measure; MAS, Modified Ashworth Scale; MMAS, Modified Modified Ashworth Scale; TUG, Timed
Up & Go; UL-FMA, Upper Limb Fugl-Meyer Assessment; WMFT-FAS, Wolf Motor Function Test-Functional
Abilities Scale.

Concerning the spasticity, four measuring instruments were used, but three of them
were versions of the Ashworth scale. Most studies employed the Modified Ashworth
Scale [29,32–35,37]. The remaining studies used the Ashworth Scale [31], the Modified
Ashworth Scale [30], and the Biodex system [36], which evaluates the resistance to ankle
mobilization at different speeds. The section evaluated coincided with the musculature
involved in the resistance exercise. Four of the included studies found a significant im-
provement between pre and post intervention in EG [30,33,35,36]. Three articles found an
improvement in EG compared to CG [30,33,36], while the other studies found no differ-
ences between groups. The study by Mun et al. [36] found improvements in all angular
velocities evaluated. The remaining five articles found no significant differences pre and
post intervention in EG.

The function was evaluated in three articles, all of which used the Upper Limb Fugl-
Meyer Motor Assessment (UL-FMMA) [29–31]. The study by Patten et al. [31] also assessed
the function with the Wolf Motor Function Test-Functional Abilities Scale (WMFT-FAS)
and the Functional Independence Measure (FIM). The studies by Dehno et al. [30] and
Patten et al. [31] found significant improvements in the EG compared with the CG for
improving function, which were also maintained at follow-up time points. Specifically,
Dehno et al. [30] found improvements for the UL-FMA score, and Patten et al. [31] for the
WMFT-FAS and FIM. The study by Coroian et al. [29] only found pre-post improvements
in the EG, but these were not significant in comparison with the CG.

Strength was the most evaluated parameter after spasticity [29,30,33–35,37], studying
the maximum strength of the regions worked during the intervention. Dynamic force
was studied by two of the studies [34,35]. The study by Dehno et al. [30] studied the
strength of the paretic side using the Medical Research Council (MRC) scale. All studies
found significant improvements in strength after the EG intervention, as well as significant
differences between groups, except the study by Coroian et al. [29]. The study by Fernandez
et al. [34] found improvements in dynamic strength, but the improvement in isometric
strength did not become significant.

For gait evaluation, the Timed “Up & Go” (TUG) was mostly used [34–36]. The study
by Flansbjer et al. [35] also evaluated gait using the Fast Gait Speed (FGS), and the 6-Minute
Walk Test (6MWT). Lattouf et al. [37] assessed gait using the 10-m Walk Test and 6-Minute
Walk Test (6MWT). The study by Fernandez et al. [34] found significant improvements in
EG compared to CG. The study by Lattouf et al. [37] found improvements between groups
in the 6MWT but did not find differences in the 10-m Walk Test. Flansbjer et al. [35] did not
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find changes after the intervention, but it found improvements in EG compared to CG in
the follow-up period in TUG. All studies found improvements after the intervention in EG.
Moreover, the improvements were maintained in the follow-up evaluation in the study by
Flansbjer et al. [35].

Balance was assessed in three of the articles included in this review using the Berg
Balance Scale (BBS), the common tool used [32,34,36]. The study by Mun et al. [36] also
used a platform that calculates the load distribution when standing, using it both with
open and closed eyes. All studies found a significant improvement after the intervention
for both groups.

4. Discussion

The purpose of this systematic review was to analyze the current scientific evidence
on the use of resistance training programs as a therapeutic option for patients with stroke,
and to analyze their effects on spasticity. A total of nine studies studying the application
of resistance training programs in stroke populations have been included and reviewed.
Benefits to spasticity were reported, as well as to function, strength, gait, and balance,
being superior to, or at least equal to, those obtained by the comparison groups. Thus,
resistance training programs can bring benefits to people with stroke without causing an
increase in spasticity [9,10]. This finding, together with the effectiveness that seems to occur
in different parameters related to motor function, makes resistance training an adequate
alternative intervention for stroke patients.

Concerning the characteristics of the studies included, samples were relatively small,
involving an average of 30 subjects per study. In this sense, it is a common limitation in
stroke rehabilitation trials, since it is difficult to obtain large sample sizes because patients
are usually treated only in a neurological institution or center, costs are usually high, and
inclusion criteria are very narrow [38,39]. Furthermore, profiles of the subjects included
had great variability in terms of the time elapsed after stroke, with only one study [32]
including patients in an acute stage, and they did not find differences in spasticity, although
they did find significant improvements in balance. It is known that most recovery is
reached around the third month, with the fastest level of recovery occurring in the first
month and a half, because it is the period where the greatest endogenous neuroplasticity
occurs [40]. Moreover, the incidence of spasticity in stroke occurs mainly in periods longer
than 3 months after stroke, so it may be interesting to know the long-term effects of this
intervention in subjects with acute stages of stroke, acting then as a preventive action [7].

Two of the three studies that found improvements in spasticity in EG compared to
CG carried out protocols combined with another type of treatment [30,33,36]. Therefore,
there was no solid evidence to show that resistance training in isolation improves the
degree of spasticity. In this way, Coroian et al. [29] was the only one that performed
an isolated resistance training intervention and did not find significant improvements
in spasticity. In this regard, isolated resistance training may not be entirely adequate
for patient improvement after stroke. According to the current literature [41], combined
strength, aerobic, and other physical capacity training would be an appropriate approach
for the recovery of stroke patients without increased tone or spasticity.

Regarding the intervention protocol, the superiority of one approach compared to the
others is not perceived. However, it seems that there is a consensus to perform between
three and five sets, with positive effects in the studies that adopted this number of series
in their interventions. Concerning the number of repetitions per set, we found too wide a
range to draw conclusions. In this line, the study that opted for the highest number of sets,
which in turn contained the highest number of total repetitions, was the one that showed
the fewest positive effects [29], which may infer that excessive load on resistance training
does not result in beneficial effects in stroke patients. Nevertheless, further studies are
needed to confirm this issue.

Despite the variability of the tools used for resistance training, there was agreement
on the use of equipment that uses closed kinetic chains. This may be because it offers
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greater sensory information, which is very favorable in this patient profile [42,43]. There
was also some interest in combining different forms of contraction during the execution of
the exercise, possibly to take advantage of the different effects they cause [44,45].

In view of the above, the present systematic review provides a comprehensive insight
into the effects of resistance training on spasticity among people with stroke. However,
several limitations need to be considered. The results should be taken with caution due
to the heterogeneity of the participant characteristics and intervention protocols. In this
sense, a meta-analysis was not performed because of the high heterogeneity in terms of
study interventions and outcome measures, as well as the different body regions assessed,
so a meta-analysis is not congruent enough to extract a quantitative synthesis that adds
qualitative value to the results of the studies analyzed. Also, the number of articles with
long-term follow-up was small, and evidence on the long-term effects of resistance training
programs is limited. The inclusion criteria, while well-defined using the PICOS model,
might have introduced bias due to the exclusion of certain types of physical interventions
for muscle strength improvement. In addition, the lack of information about the specific
duration of resistance training in multimodal programs was not reported by some studies
and therefore no solid conclusions could be drawn on this issue.

Despite these limitations, the systematic review aims to contribute significantly to
understanding the relationship between resistance training and spasticity post-stroke. The
comprehensive evidence from this review enables clinicians to make informed decisions
when considering the inclusion of resistance training in post-stroke rehabilitation plans.
Recognizing its potential benefits in reducing spasticity, as well as improving critical func-
tional areas such as strength, gait, and balance, enables the development of personalized
and thorough treatment strategies. Furthermore, by highlighting existing gaps and limita-
tions, this review acts as a catalyst for future research efforts. Finally, this systematic review
offers clinicians valuable information for refining rehabilitation strategies, which may result
in improved functional performance and quality of life for post-stroke, spastic patients.

5. Conclusions

Resistance training programs were superior to, or at least similar to, no intervention,
conventional therapy, or other therapies for managing spasticity. Furthermore, other
additional benefits were found to function, strength, gait, and balance in people with stroke.
Therefore, the inclusion of this therapy in clinical practice could have a positive impact
on people with stroke. However, there was no solid consensus on the optimal training
protocol. It seems that the use of closed kinetic chains and the performance of various forms
of contraction are those reporting the best results. Despite the results obtained, they should
be taken with caution due to the heterogeneity in terms of participants and intervention
protocols. We encourage authors to conduct well-designed research protocols including
follow-up assessments to explore the long-term effects of resistance training in people
with stroke.
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Abstract: This study aimed to translate and culturally adapt the BESTest to the Persian language and
evaluate its intra-rater reliability in Iranian patients with stroke. A forward-backward translation and
expert panel review method was followed. Eighteen patients post-stroke (15 men, 3 female) were
included which were assessed by a physiotherapist two times with a one-week interval. The mean
total score for the test and retest were 83.66 (SD = 11.98) and 82 (SD = 13.23), respectively. There were
no floor and ceiling effects. The intra-rater ICC for the total score was 0.88 (95% CI = 0.73–0.95). The
ICC for the BESTest sections ranged from 0.55 (95% CI = 0.12–0.80) to 0.89 (95% CI = 0.55–0.96). The
standard error of measurement and the smallest detectable change of the BESTest total score were
8.33 and 22.82, respectively. Our findings confirm the intra-rater reliability of the Persian BESTest for
balance assessment of patients with chronic stroke.

Keywords: BESTest; stroke; Persian; reliability

1. Introduction

A stroke is an acute impairment of brain function due to a disruption in blood supply
to the brain [1]. In 2017, the incidence of stroke was estimated to be about 11.9 million,
and it was the second cause of death in 2019 [2,3]. The trend in the prevalence of stroke in
the Middle East and North Africa (MENA) region closely mirrors the global pattern, with
a gradual decrease in recent years [4]. Nevertheless, the majority of the stroke burden is
concentrated in lower-income and lower-middle-income countries [3]. In Iran, stroke stands
out as a significant contributor to disabilities, and its annual incidence varies widely across
different regions of the country, spanning from 23 to 103 cases per 100,000 people [5,6].
Hence, stroke stands as a significant contributor to both disability and mortality on a global
scale and within Iran.

Stroke could result in life-long persistent physical, psychological, and cognitive im-
pairments [7], with motor disorders affecting approximately 80% to 90% of stroke survivors,
making it a significant cause of disability [8]. Among these physical impairments, balance
issues are among the most prevalent, affecting an estimated 87.5% of stroke patients [8].
These balance problems are often attributed to weakened muscles, abnormal muscle tone,
sensory deficits, cognitive issues, and delayed automatic postural responses [9]. Notably,
post-stroke balance problems elevate the risk of falls [10], further impacting the quality
of life and increasing healthcare expenses [11,12]. Hence, the assessment of balance in
patients with stroke using reliable and valid tools are crucial to monitor changes after using
rehabilitation interventions [13–15].
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Using a reliable and valid assessment tool for balance is crucial in post-stroke survivors,
as balance impairment significantly increases the risk of falls in these individuals [9]. Such
assessment tools can help identify the balance issues that would benefit from rehabilitation,
determine the specific system contributing to the balance impairment, and monitor progress
during treatment [16–19]. Several balance assessment tools have been employed in stroke
patients, including the Berg Balance Scale (BBS), Postural Assessment Scale for Stroke
Patients (PASS), Community Balance and Mobility Scale (CB & M), Timed Up and Go (TUG),
and Dynamic Gait Index (DGI). However, each of these tests has its limitations [20,21]. The
BBS is considered the gold standard for balance assessment, but it does not encompass
dynamic balance [22,23]. PASS and CB & M exhibit ceiling and floor effects, respectively [23].
TUG serves as a screening test but lacks an in-depth evaluation of the balance system [24].
The complexity of the balance system makes it challenging to determine the specific system
responsible for balance impairment. An important drawback of the current balance tests is
their inability to evaluate the particular systems contributing to balance impairments [25].

Balance Evaluation Systems Test (BESTest) is a test developed by Horak et al. to
identify the disordered systems responsible for poor balance control. The BESTest has
36 items designed to evaluate the performance of six balance systems of biomechanical
constraints, stability limits/verticality, transition/anticipatory postural adjustment, reactive
postural responses, sensory orientation, and stability during gait [21,25].

Post-stroke survivors experience a range of issues, which can more or less affect all
the systems evaluated in the BESTest [26–28]. Previous studies have demonstrated the
BESTest has no floor or ceiling effects [29] and is reliable, valid, and responsive to change for
assessing balance in patients with stroke [21,25]. BESTest has been translated and culturally
adapted into various languages, including German [29], Spanish [30], Norwegian [31],
Spanish [32] and Korean [33]. There is no prior research on translating and culturally
adapting the BESTest into the Persian language. Therefore, the aim of this study was
to translate the BESTest into Persian and assess its intra-rater reliability among patients
with stroke.

2. Materials & Methods
2.1. Design

A cross-sectional study was carried out to develop the Persian version of the BESTest
and to examine its intra-rater reliability (i.e., between-day reliability) in patients with stroke.
The study protocol was approved by the Research Council of the School of Rehabilitation,
Tehran University of Medical Sciences (TUMS) (#36621).

2.2. Translation

The guidelines for the previously used forward-backward translation were followed
by the expert panel [34–36]. First, two translators independently translated the English
BESTest to Persian (forward translation). Then an expert panel (3 physiotherapists, an
experienced methodologist, and 2 translators) reviewed the two versions and synthesized
one Persian version for back translation. Two different English translators independently
back translated the synthesized version to English. The expert panel with all the translators
reviewed the documents and approved the pre-final Persian version to be sent to the
developer (Prof. Fay B. Horak) for final approval. After approval of the Persian BESTtest
by Prof. Horak, the final Persian BESTest emerged (https://www.bestest.us/files/3714/2
472/0733/Persian_BESTest.pdf, accessed on 1 November 2023).

2.3. Participants

Participants were stroke patients referred from universities’ neurological and phys-
iotherapy clinics. Inclusion criteria were: (1) stroke diagnosis, (2) hemiplegia resulting
from stroke with a stable medical condition, (3) aged between 18 and 70 years, (4) ability
to follow instructions, and (5) ability to stand and walk 6 m independently. The stroke
diagnosis was made by neurologists based on the clinical and radiological findings.
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Exclusion criteria were: (1) not willing to participate in the study, (2) inability to
complete the tasks, (3) presence of balance disorders due to a medical condition other
than stroke (e.g., Parkinson’s disease, vestibular disorders, untreated visual or hearing
disabilities, pain, or impairments in the musculoskeletal system), (4) history of pathological
vertigo, and (5) using medications affecting balance.

2.4. Test Procedure

The study was conducted in the neurological physiotherapy clinic of the school of
rehabilitation of TUMS. At the first session, the participants’ demographic characteristics,
including age, gender, and the time elapsed since the stroke, were collected. The study
aims were explained to the participants, and written informed consent was obtained from
them. In the next step, an experienced physiotherapist who was trained in the use of the
BESTest, and had practiced performing the test items, assessed the participants’ balance.
Every session included environmental preparation and it took approximately 35 min to
complete the test. Both the test and retest were performed in the same environment for
every patient. Patients were allowed to rest if they requested. The same physiotherapist
assessed the patients again after one week.

2.5. Outcome Measure

The BESTest consists of 27 tasks and 36 items that evaluate six systems contributing to
balance. Each item is scored from 0 (worst performance) to 3 (best performance). The sec-
tions’ scores were the sum of all the related items’ scores, and higher scores indicate better
performance. The systems of the BESTest include biomechanical constraints (maximum
possible score of 15), stability limits/verticality (maximum possible score of 21), transi-
tion/anticipatory postural adjustment (maximum possible score of 18), reactive postural
responses (maximum possible score of 18), sensory orientation (maximum possible score of
15), and stability in gait (maximum possible score of 21). The total score of 108 is the sum of
all the scores of all the sections.

2.6. Statistical Analysis

The mean and standard deviation (SD) was computed for continuous variables. Num-
bers and percentages were used for categorical variables. Intraclass correlation (ICC),
a two-way random effect model, was used to determine the intra-rater reliability. An
ICC value of 0.70 was considered as acceptable reliability, and scores were interpreted as
excellent (>75), good (0.60–0.75), and fair (0.40–0.59) [37].

The standard error measurement (SEM, σ
√

1-ICC) and the smallest detectable change
(SDC, 1.96 × SEM × √

2) were calculated for the BESTest total score. The percentage
of patients that scored the lowest or the highest possible score on the Persian BESTest
were calculated for the presence of floor and ceiling effects (cut-off value ≥ 15%) [38].
Statistical analyses were performed using the SPSS version 17. p < 0.05 was considered
statistically significant.

3. Results

A total of 18 participants were included in the study comprising 15 men and 3 women.
The mean age was 56.39 (SD = 9.01). The mean time since the stroke was 50.0 months
(SD = 35.08). Sixteen patients had ischemic stroke and two patients had hemorrhagic stroke.
Ten patients had right hemiplegia. Characteristics of the individuals who participated in
the study are presented in Table 1.

There was no issue with translating and adapting the BESTest into Persian, and all
items were translated without any difficulties. During pilot testing, the therapist reported
the test items that were understandable and easy to apply during the assessment.

The mean of the BESTest total score in the test and retest were 83.66 (SD = 11.98)
and 82 (SD = 13.23), respectively. There were no floor and ceiling effects observed for the
Persian BESTest total score (no patient scored the minimum or maximum on the Persian
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BESTtest). The intra-rater reliability of the BESTest total scores was high (ICC = 0.88, 95%
CI = 0.73–0.95), and ICCs for sections ranged from 0.55 (95% CI = 0.12–0.80) for stability
limits/verticality to 0.89 (95% CI = 0.55–0.96) for stability in gait (Table 2). The SEM and
SDC of the BESTest total score were 8.33 and 22.82, respectively (Table 3).

Table 1. Basic and demographic characteristics of the participants.

Patients
Number Age (Year)

Duration
since Stroke

(Month)
Gender Cause Affected

Side

1 65 24 Male Ischemic Right

2 56 72 Male Ischemic Left

3 66 47 Male Ischemic Left

4 55 136 Male Hemorrhagic Right

5 60 50 Male Ischemic Right

6 75 3 Male Ischemic Left

7 63 54 Male Ischemic Right

8 62 132 Female Hemorrhagic Left

9 46 50 Female Ischemic Right

10 61 36 Female Ischemic Left

11 43 60 Male Ischemic Left

12 46 8 Male Ischemic Right

13 45 37 Male Ischemic Left

14 57 36 Male Ischemic Right

15 45 42 Male Ischemic Right

16 63 35 Male Ischemic Right

17 49 54 Male Ischemic Right

18 58 24 Male Ischemic Left

Table 2. Sections and total scores in both sessions and intra-rater reliability for the BESTest.

Subscale
Session 1 Session 2

ICC (95% CI) p-Value
Min Max Mean (SD) Min Max Mean (SD)

Biomechanical constraints 6 14 11.61 (2.17) 6 14 10.61 (2.32) 0.72
(0.28–0.89) <0.001

Stability limits/verticality 12 17 15.11 (1.27) 12 18 15.33 (1.45) 0.55
(0.12–0.80) 0.008

Transition/anticipatory
postural adjustment 7 16 12.55 (2.38) 7 16 12.38 (2.50) 0.79

(0.53–0.91) <0.001

Reactive postural
responses 0 18 10.88 (5.01) 0 18 11.72 (5.16) 0.77

(0.49–0.90) <0.001

Sensory orientation 12 15 14.61 (0.77) 12 15 14.66 (0.76) 0.76
(0.47–0.90) <0.001

Stability in gait 10 21 18.83 (2.79) 9 21 18 (2.72) 0.89
(0.55–0.96) <0.001

Total score 47
(43%)

101
(93%)

83.66
(11.98)

46
(42%)

102
(94%) 82 (13.23) 0.88

(0.73–0.95) <0.001
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Table 3. The standard error of measurement (SEM) and smallest detectable change (SDC) for the
Persian BESTest.

Systems SEM SDC

Biomechanical constraints 2.24 6.06

Stability limits/verticality 1.6 4.38

Anticipatory responses 2.07 5.67

Postural responses 4.46 12.22

Sensory orientation 0.69 1.89

Stability in gait 1.78 4.87

Total score 8.33 22.82

4. Discussion

Balance impairments can significantly impact post-stroke patients’ quality of life [39].
Utilizing a reliable and valid instrument for balance evaluation to guide rehabilitation
programs is essential. In this study, we translated and culturally adapted the BESTest into
the Persian language and investigated its intra-rater reliability for the balance evaluation
of Iranian post-stroke patients. The results showed that the Persian BESTest has excellent
intra-rater reliability for balance evaluation in stroke patients and therefore can be used as
a reliable tool for the assessment of balance in patients with stroke.

In the current study, the Persian version of the BESTest was developed and cross-
culturally adapted for Persian patients with stroke. The successful development of the
Persian BESTest indicates that the face and content validity of it is consistent with the
original English BESTest and translated versions [25,29,31].

All patients in the study participated and completed the test procedure. There were
no unexpected events or injuries that occurred during the testing with balance perfor-
mances. As well, the rater reported no difficulties in conducting the assessment using
the Persian BESTest. None of the patients had changes in their balance between the two
test sessions. These indicate that the Persian BESTest was acceptable and feasible. The
acceptability of the Persian BESTest is in line with those found for the translated versions
of the BESTest [29,31,40,41].

Floor or ceiling effects were not present for the Persian BESTest total score. The
lack of floor or ceiling effects indicates the content validity and responsiveness of the
Persian BESTest. When there are no floor and ceiling effects for an instrument, patients
with the lowest or highest possible score can be detected after an intervention. However,
the responsiveness of the Persian BESTest was not evaluated in the current study which
warrants an investigation designed in the context of a clinical trial. The lack of floor
and ceiling effects observed in the present study is consistent with those reported for the
translated versions of the BETSTest [31]. The floor and ceiling effects for the BESTest scores
are not reported for the original version [25].

The Persian BESTest showed excellent intra-rater reliability. These findings are similar
to those of previous studies [25,29,31,42] The original English version of the BESTest has
been shown to have high inter- and intra-rater reliability (Horak et al., 2009). The test–retest
reliability for the BESTest was high (ICC = 0.88) [42]. A study by Chinsongkram et al.
in subacute stroke patients found excellent intra-rater reliability for the BESTest and its
sections [40]. Rodrigues et al. (2014) evaluated the intra-rater reliability of the Brazilian
BESTest in a sample of 16 chronic stroke patients and found the reliability for the total
score (ICC = 0.98) and its sections (ICCs from 0.85 to 0.96) were excellent [40]. The findings
indicate that the Persian BESTest in line with the original and other versions [25,31,40,41]
can be used as a reliable tool for assessing the balance of patients with stroke.

The ICC for the stability limits/verticality section was the lowest in our study (0.55),
in contrast to stability in the gait section, which was the highest (0.89). In the Rodrigues
et al. study, ICC was the highest and lowest in the stability in gait and the reactive postural
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responses sections, respectively [41]. Chinsongkram reported the ICCs for sections ranging
from 0.95 and 0.99 [40]. The reasons for discrepancies might be due to the differences in
methodology. In the present study, one rater participated in the evaluation of intra-rater
reliability and did not score the performances from the video as was done in the previous
studies [40]. Future studies using more raters for the evaluation of intra-rater reliability may
clarify the intra-rater reliability of the sections, particularly of stability limits/verticality in
the Persian BESTest. Nevertheless, we should expect patients to perform differently in the
BESTest sections, poor in some sections compared with other ones [25], thus affecting the
perception of raters in the level of test performances.

The absolute reliability, presented by SEM and SDC, is an important reliability measure
for clinical purposes. The SEM is used to determine the change in test scores which is a real
beyond measurement error. The SEM value found in this study was 8.33. A previous study
reported the SEM of 3.9/4.3 for two raters [31]. Therefore, the SEM value in our study
indicates that the Persian BESTest is a useful tool to identify real changes in patients with
stroke. However, the SDC is more important clinically than the SEM as it helps to identify
real changes in patients. The SDC was calculated to determine whether an individual
patient has achieved a real change after therapy [22]. We found that the SDC value of the
Persian BESTest was 22.82. Previous studies reported the SDC as starting from 6.9 [31,43].
Hence, a change of more than 22.82 points in the Persian BESTest score must be observed
after an intervention to be interpreted as real and clinically relevant.

There are several limitations of this study worth mentioning. First, in this study, we
only evaluated patients with stroke, and our finding might not be applicable to other condi-
tions affecting balance. Therefore, future studies are needed to evaluate the reliability of the
Persian BESTest for balance evaluation in other patient groups with balance impairments.
Second, we only evaluated intra-rater reliability, SDC, and SEM, and we did not assess
other reliability and validity indexes. Future studies are needed to evaluate these indexes,
such as construct validity, inter-rater reliability, responsiveness, and discriminative valid-
ity. Third, our sample size for reliability evaluation was suboptimal as we only included
18 patients. However, a study conducting power analyses indicated that a minimal sample
of 10 participants provides 80% power to detect what would be considered an ICC of
0.70 [44].

5. Conclusions

In this study, we developed the Persian version of the BESTest and found it to be a
reliable measure for the balance evaluation of Persian-speaking patients with stroke. This
study suggests that the Persian version of the BESTest is a reliable tool which therapists can
use for balance evaluation of patients with stroke and determine the system responsible for
balance deficits. Further studies on the other psychometric characteristics of the Persian
BESTest such as inter-rater reliability in larger sample sizes are warranted.
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8. Lendraitienė, E.; Tamošauskaitė, A.; Petruševičienė, D.; Savickas, R. Balance evaluation techniques and physical therapy in
post-stroke patients: A literature review. Neurol. Neurochir. Pol. 2017, 51, 92–100. [CrossRef]

9. Zorowitz, R.D.; Gross, E.; Polinski, D.M. The stroke survivor. Disabil. Rehabil. 2002, 24, 666–679. [CrossRef]
10. Jalayondeja, C.; Sullivan, P.E.; Pichaiyongwongdee, S. Six-month prospective study of fall risk factors identification in patients

post-stroke. Geriatr. Gerontol. Int. 2014, 14, 778–785. [CrossRef]
11. Hawkins, K.; Musich, S.; Ozminkowski, R.J.; Bai, M.; Migliori, R.J.; Yeh, C.S. The burden of falling on the quality of life of adults

with medicare supplement insurance. J. Gerontol. Nurs. 2011, 37, 36–47. [CrossRef] [PubMed]
12. Novitzke, J.M. The rising cost of falling: Strategies to combat a common post-stroke foe. J. Vasc. Interv. Neurol. 2008, 1, 61.

[PubMed]
13. Iatridou, G.; Pelidou, H.S.; Varvarousis, D.; Stergiou, A.; Beris, A.; Givissis, P.; Ploumis, A. The effectiveness of hydrokinesio-

therapy on postural balance of hemiplegic patients after stroke: A systematic review and meta-analysis. Clin. Rehabil. 2017, 32,
583–593. [CrossRef] [PubMed]

14. Dominguez-Romero, J.G.; Molina-Aroca, A.; Moral-Munoz, J.A.; Luque-Moreno, C.; Lucena-Anton, D. Effectiveness of Mechanical
Horse-Riding Simulators on Postural Balance in Neurological Rehabilitation: Systematic Review and Meta-Analysis. Int. J.
Environ. Res. Public Health 2020, 17, 165. [CrossRef] [PubMed]

15. Chen, L.; Lo, W.L.; Mao, Y.R.; Ding, M.H.; Lin, Q.; Li, H.; Zhao, J.L.; Xu, Z.Q.; Bian, R.H.; Huang, D.F. Effect of Virtual Reality
on Postural and Balance Control in Patients with Stroke: A Systematic Literature Review. Biomed. Res. Int. 2016, 2016, 7309272.
[CrossRef] [PubMed]

16. Felius, R.A.W.; Geerars, M.; Bruijn, S.M.; Wouda, N.C.; Van Dieën, J.H.; Punt, M. Reliability of IMU-based balance assessment in
clinical stroke rehabilitation. Gait Posture 2022, 98, 62–68. [CrossRef]

17. Pollock, C.L.; Eng, J.J.; Garland, S.J. Clinical measurement of walking balance in people post stroke: A systematic review. Clin.
Rehabil. 2011, 25, 693–708. [CrossRef]

18. Mancini, M.; Horak, F.B. The relevance of clinical balance assessment tools to differentiate balance deficits. Eur. J. Phys. Rehabil.
Med. 2010, 46, 239.

19. Blum, L.; Korner-Bitensky, N. Usefulness of the Berg Balance Scale in Stroke Rehabilitation: A Systematic Review. Phys. Ther.
2008, 88, 559–566. [CrossRef]

20. Naghdi, S.; Nakhostin Ansari, N.; Forogh, B.; Khalifeloo, M.; Honarpisheh, R.; Nakhostin-Ansari, A. Reliability and Validity of
the Persian Version of the Mini-Balance Evaluation Systems Test in Patients with Stroke. Neurol. Ther. 2020, 9, 567–574. [CrossRef]

21. Chinsongkram, B.; Chaikeeree, N.; Saengsirisuwan, V.; Horak, F.B.; Boonsinsukh, R. Responsiveness of the Balance Evaluation
Systems Test (BESTest) in people with subacute stroke. Phys. Ther. 2016, 96, 1638–1647. [CrossRef] [PubMed]

22. Oyama, C.; Otaka, Y.; Onitsuka, K.; Takagi, H.; Tan, E.; Otaka, E. Reliability and validity of the Japanese version of the mini-balance
evaluation systems test in patients with subacute stroke. Prog. Rehabil. Med. 2018, 3, 20180015. [CrossRef]

23. Whitney, S.; Wrisley, D.; Furman, J. Concurrent validity of the Berg Balance Scale and the Dynamic Gait Index in people with
vestibular dysfunction. Physiother. Res. Int. 2003, 8, 178–186. [CrossRef] [PubMed]

24. Joshua, A.M.; Karnad, S.D.; Nayak, A.; Suresh, B.v.; Mithra, P.; Unnikrishnan, B. Effect of foot placements during sit to stand
transition on timed up and go test in stroke subjects: A cross sectional study. NeuroRehabilitation 2017, 40, 355–362. [CrossRef]
[PubMed]

25. Horak, F.B.; Wrisley, D.M.; Frank, J. The balance evaluation systems test (BESTest) to differentiate balance deficits. Phys. Ther.
2009, 89, 484–498. [CrossRef] [PubMed]

137



Brain Sci. 2023, 13, 1674

26. Priplata, A.A.; Patritti, B.L.; Niemi, J.B.; Hughes, R.; Gravelle, D.C.; Lipsitz, L.A.; Veves, A.; Stein, J.; Bonato, P.; Collins, J.J.
Noise-enhanced balance control in patients with diabetes and patients with stroke. Ann. Neurol. 2006, 59, 4–12. [CrossRef]
[PubMed]

27. Lee, N.G.; You, J.S.; Chung, H.Y.; Jeon, H.S.; Choi, B.S.; Lee, D.R.; Park, J.M.; Lee, T.H.; Ryu, I.T.; Yoon, H.S. Best Core Stabilization
for Anticipatory Postural Adjustment and Falls in Hemiparetic Stroke. Arch. Phys. Med. Rehabil. 2018, 99, 2168–2174. [CrossRef]
[PubMed]

28. De Oliveira, C.B.; De Medeiros, Í.R.T.; Frota, N.A.F.; Greters, M.E.; Conforto, A.B. Balance control in hemiparetic stroke patients:
Main tools for evaluation. J. Rehabil. Res. Dev. 2008, 45, 1215–1226. [CrossRef]

29. Haselwander, M.; Henes, Y.; Weisbrod, M.; Diermayr, G. Balance Evaluation Systems Test: German translation, cultural adaptation
and preliminary results on psychometric properties. Z. Gerontol. Geriatr. 2023, 56, 125–131. [CrossRef]

30. Dominguez-Olivan, P.; Gasch-Gallen, A.; Aguas-Garcia, E.; Bengoetxea, A. Validity and reliability testing of the Spanish version
of the BESTest and mini-BESTest in healthy community-dwelling elderly. BMC Geriatr. 2020, 20, 444. [CrossRef]

31. Hamre, C.; Botolfsen, P.; Tangen, G.G.; Helbostad, J.L. Interrater and test-retest reliability and validity of the Norwegian version
of the BESTest and mini-BESTest in people with increased risk of falling. BMC Geriatr. 2017, 17, 92. [CrossRef] [PubMed]

32. Torres-Narvaez, M.R.; Luna-Corrales, G.A.; Rangel-Pineros, M.C.; Pardo-Oviedo, J.M.; Alvarado-Quintero, H. Transcultural
adaptation to the Spanish language of the Balance Evaluation Systems Test (BESTest) in older adults. Rev. Neurol. 2018, 67,
373–381. [PubMed]

33. Jeon, Y.J.; Kim, G.M. A Study of Translation Conformity on Korean Version of a Balance Evaluation Systems Test. Phys. Ther.
Korea 2018, 25, 53–61. [CrossRef]

34. Beaton, D.E.; Bombardier, C.; Guillemin, F.; Ferraz, M.B. Guidelines for the process of cross-cultural adaptation of self-report
measures. Spine 2000, 25, 3186–3191. [CrossRef] [PubMed]

35. Naghdi, S.; Ansari, N.N.; Raji, P.; Shamili, A.; Amini, M.; Hasson, S. Cross-cultural validation of the Persian version of the
Functional Independence Measure for patients with stroke. Disabil. Rehabil. 2016, 38, 289–298. [CrossRef] [PubMed]

36. Nakhostin Ansari, N.; Naghdi, S.; Eskandari, Z.; Salsabili, N.; Kordi, R.; Hasson, S. Reliability and validity of the Persian
adaptation of the Core Outcome Measure Index in patients with chronic low back pain. J. Orthop. Sci. 2016, 21, 723–726.
[CrossRef]

37. Fleiss, J.L.; Levin, B.; Cho Paik, M. Statistical Methods for Rates and Proportions, 3rd ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2004; pp. 1–760. Available online: https://onlinelibrary.wiley.com/doi/book/10.1002/0471445428 (accessed on 6 November 2023).

38. Terwee, C.B.; Van Der Windt, D.A.; Dekker, J.; Bot, S.D.M.; De Boer, M.R.; Bouter, L.M.; Knol, D.L.; de Vet, H.C.W. Quality Criteria
Were Proposed for Measurement Properties of Health Status Questionnaires; Elsevier: Amsterdam, The Netherlands, 2007. Available
online: https://www.sciencedirect.com/science/article/pii/S0895435606001740 (accessed on 6 November 2023).

39. Schmid, A.A.; van Puymbroeck, M.; Altenburger, P.A.; Miller, K.K.; Combs, S.A.; Page, S.J. Balance is associated with quality of
life in chronic stroke. Top. Stroke Rehabil. 2013, 20, 340–346. [CrossRef]

40. Chinsongkram, B.; Chaikeeree, N.; Saengsirisuwan, V.; Viriyatharakij, N.; Horak, F.B.; Boonsinsukh, R. Reliability and Validity of
the Balance Evaluation Systems Test (BESTest) in People With Subacute Stroke. Phys. Ther. 2014, 94, 1632–1643. [CrossRef]

41. Rodrigues, L.C.; Marques, A.P.; Barros, P.B.; Michaelsen, S.M. Reliability of the Balance Evaluation Systems Test (BESTest) and
BESTest sections for adults with hemiparesis. Braz. J. Phys. Ther. 2014, 18, 276–281. [CrossRef]

42. Leddy, A.L.; Crowner, B.E.; Earhart, G.M. Functional Gait Assessment and Balance Evaluation System Test: Reliability, Validity,
Sensitivity, and Specificity for Identifying Individuals With Parkinson Disease Who Fall. Phys. Ther. 2011, 91, 102–113. [CrossRef]

43. Huang, M.H.; Miller, K.; Smith, K.; Fredrickson, K.; Shilling, T. Reliability, Validity, and Minimal Detectable Change of Balance
Evaluation Systems Test and Its Short Versions in Older Cancer Survivors: A Pilot Study. J. Geriatr. Phys. Ther. 2016, 39, 58–63.
[CrossRef] [PubMed]

44. Bujang, M.A.; Baharum, N. A simplified guide to determination of sample size requirements for estimating the value of intraclass
correlation coefficient: A review. Arch. Orofac. Sci. J. Sch. Dent. Sci. USM Arch Orofac Sci. 2017, 12, 1–11.

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

138



MDPI AG
Grosspeteranlage 5

4052 Basel
Switzerland

Tel.: +41 61 683 77 34

Brain Sciences Editorial Office
E-mail: brainsci@mdpi.com

www.mdpi.com/journal/brainsci

Disclaimer/Publisher’s Note: The title and front matter of this reprint are at the discretion of the . The

publisher is not responsible for their content or any associated concerns. The statements, opinions and

data contained in all individual articles are solely those of the individual Editors and contributors and

not of MDPI. MDPI disclaims responsibility for any injury to people or property resulting from any

ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-7258-2053-5


