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Abstract

:

Gait recovery is a fundamental goal in patients with spinal cord injury to attain greater autonomy and quality of life. Robotics is becoming a valid tool in improving motor, balance, and gait function in this patient population. Moreover, other innovative approaches are leading to promising results. The aim of this study was to investigate new rehabilitative methods for gait recovery in people who have suffered spinal cord injuries. A systematic review of the last 10 years of the literature was performed in three databases (PubMed, PEDro, andCochrane). We followed this PICO of the review: P: adults with non-progressive spinal cord injury; I: new rehabilitative methods; C: new methods vs. conventional methods; and O: improvement of gait parameters. When feasible, a comparison through ES forest plots was performed. A total of 18 RCTs of the 599 results obtained were included. The studies investigated robotic rehabilitation (n = 10), intermittent hypoxia (N = 3) and external stimulation (N = 5). Six studies of the first group (robotic rehabilitation) were compared using a forest plot for 10MWT, LEMS, WISCI-II, and SCIM-3. The other clinical trials were analyzed through a narrative review of the results. We found weak evidence for the claim that robotic devices lead to better outcomes in gait independence compared to conventional rehabilitation methods. External stimulation and intermittent hypoxia seem to improve gait parameters associated with other rehabilitation methods. Research investigating the role of innovative technologies in improving gait and balance is needed since walking ability is a fundamental issue in patients with SCI.
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1. Introduction


According to the WHO (World Health Organization), spinal cord injury (SCI) is defined as any “damage to the spinal cord resulting from trauma or disease or degeneration” [1], representing one of the most devastating and debilitating conditions that an individual can sustain [2]. It interrupts the physiologic conduction of the nervous signal through the descending (motor) and ascending (sensitive) paths between the brain and periphery. Depending on the entity and localization, SCI may result in two main clinical conditions, i.e., paraplegia or tetraplegia, and both may be complete or incomplete with several combinations of symptoms affecting patient quality of life [3]. Sphincteric [4] and autonomic [5] involvement may occur as well.



One of the main goals of patients with SCI is to restore ambulation [6] since reduced mobility may affect psychological well-being [7]. Walking, as stated by Jaquelin Perry, is “is the body’s natural means of moving from one location to another. It also is the most convenient means of traveling short distances.” [8] However, it is a “social means” fundamental to meeting other people and attending personal and social activities. Gait is an apparently simple motor function, i.e., a “voluntary” movement, regulated by an automatic process, which is evoked by sequential activations of neurons in the brainstem and spinal cord [9]. Gait control requires the activation of the entire nervous system and musculoskeletal system [10]. In the last few years, advances in neurobiology and in the neurorehabilitation field have led to a better understanding of the effects of SCI on gait function and, therefore, in developing treatments to ameliorate the outcomes [11]. Lately, the most relevant mechanism of walking recovery in humans with SCI was related to the concept of central pattern generators (CPGs) [12]. Following this theory, gait can be recovered through rhythmic stimulation, which is a substantial part of different rehabilitation methods [13].



To date, gait rehabilitation protocols for SCI treatment include physical therapy [14] with non-invasive interventions, consisting of various types of motor training that are proven to decrease the inflammatory response, increase neurotrophin levels, and may strengthen spared functions and guide spinal rearrangement [11]. A conventional training program primarily provides compensatory strategies to regain motor activity and recover from damages of the spinal cord [15]. These strategies can be administered alone or combined with different technology-aided modalities such as treadmill training, overground training, body weight-supported gait training [16], robot-assisted gait training(RAGT) [17], and exoskeletons [18]. These methods seem to work, according to the CPGs theory, both with rhythmic ambulation stimulation (treadmill training, overground training, and body-weight-supported gait training) and reproduction of the rules of spinal locomotion (exoskeletons and robot-assisted gait training) [13]. Other strategies, such as external stimulation [19,20] and intermittent hypoxia [21], aim to enhance and stimulate neural plasticity and have been analyzed and combined with other rehabilitation technologies to improve mobility in SCI patients.



The aim of this systematic review is to investigate the emerging technologies and strategies for gait recovery in adults with SCI, with particular interest in robot-assisted rehabilitation.




2. Materials and Methods


This review follows the PRISMA [22,23] and PICO [24] criteria, as shown in Table 1.



To meet PICO criteria, a search was conducted on some of the major scientific databases (Pubmed, Cochrane, and PEDro), identifying randomized trials (RCTs), published in the last 12 years in English, and investigating innovative rehabilitation programs for walking recovery in people with SCI. Previous systematic reviews were excluded since we wanted to analyze the row data of the included study by ourselves. Only the first parts of crossover trials were included to avoid risk of overlapping results between the two methods. Association of more than one therapeutic device was accepted, if it drew comparisons with conventional rehabilitation.



2.1. Literature Search Strategy


A literature search was performed on 29 July 2022 using Pubmed (https://pubmed.ncbi.nlm.nih.gov/) with the following search string: “(spinal cord injury) AND ((recovery) OR (outcome) OR (prognosis)) AND ((ambulation) OR (walking) OR (walk) OR (gait))”. Data from 2010 to 2022 from studies containing RCTs and clinical trials were considered, totaling 151 results. Another literature search was performed on August 8 2022, using the PEDro database (https://pedro.org.au/) with the terms “spinal cord injury” gait. Data from 2010 from papers containing trials only were considered, totaling 23 results. A third literature search was performed on the 10 August 2022 using the Cochrane website (https://www.cochranelibrary.com/) with the search string “((spinal cord injury) AND ((recovery) OR (outcome) OR (prognosis)) AND ((ambulation) OR (walking) OR (walk) OR (gait))):ti,ab,kw (Word variations have been searched)”. Publications dated between January 2010 and December 2022 that contained trials (word variations were searched)as well as included ICTRP 65 and CINAHL 39. totaled 117 results from Pubmed, 128 from Embase, and 103 from CT.gov.




2.2. Inclusion/Exclusion Criteria


Inclusion criteria included RCTs and Crossover Trials published between 2010 and 2022, studies written in the English language, trials involving subjects older than 18 years of age, trials using the walking-outcome measure, trials comparing at least one innovative rehabilitation method versus a conventional method, and trials involving people with an SCI of any level and non-progressive nature. Studies investigating treatments involving a drug only, analyzing only a conventional rehabilitation method, involving a progressive spinal injury, or involving patients younger than 18 years old were excluded.




2.3. Data Extraction and Criteria Appraisal


All data were extracted from article texts, tables, and figures. Three independent authors reviewed each article (G.L., M.A., and T.D.). Discrepancies between the three reviewers were resolved through discussion and consensus. The results of every stage of selection were reviewed by the senior investigators (R.S.C. and M.G.O.).




2.4. Risk of Bias


Risk of bias was evaluated by one of the authors (M.A.) through the RoB 2 [25] method, following the Cochrane Library [26] guidelines. Domains D1, D3, and D4 that involved adherence to intervention were investigated.




2.5. Data Analysis and Heterogeneity of the Studies


Where necessary, data expressed as Standard Error (SE) were converted to Standard Deviation (SD), which was more manageable, through the formula   S D = S E   ∗ √ N  , where N stands for the statistic sample. Studies showing results as median and interquartile range were converted to mean ± standard deviation (SD) according to the method of Wan et al. [27].



Effect size was analyzed, not strictly, because of the low heterogeneity of the outcomes evaluated (I2 = 0) and wide confidence intervals (CI 95%). Forest plots were generated, where possible, for more clearness regarding effect size, using the statistic software ProMeta 3 by (https://idostatistics.com/prometa3 3.0 ed. Internovi Cesena, Italy accessed on 23 January 2021). Effect sizes were acquired by comparing arithmetic means and SD pre and post intervention of the outcomes through the “Hedge’s G” method. The statistical model adopted was the “Random effect model”. The statistical analysis was performed by the first author (G.L.).





3. Results


A total of 599 articles were collected from the databases. The selection process is described in Figure 1, using the 2020 version of the PRISMA Flow diagram for new systematic reviews [28].



Eighteen RCTs were included in the systematic review. Study characteristics, data, and outcomes are presented in Table 2. Trials were sorted into three categories. The first category included studies involving the use of robotic devices such as exoskeletons on a suspension treadmill (n = 7) [29,30,31,32,33,34,35] (Lokomat). One of these studies evaluated the use of such devices associated with electromyography (EMG) feedback [36] (n = 1) (3DCaLT), and two evaluated overground exoskeletons [18,37] (n = 2) (Ekso). In the second group, we included studies assessing the use of intermittent hypoxia (IH) vs. normoxia (NX) during traditional gait training [38,39] or during suspension treadmill training [40] (BWSTT) (n = 3).The third group included studies that used magnetic [41,42,43] (n = 3) (TMS) or electrical [44,45] (n = 2) (tDCS) external stimulation during robotic or conventional rehabilitation.



After a preliminary data analysis, authors agreed to investigate studies with different approaches due to a lack of data to perform a full metanalysis. Metanalysis for studies of the first group involved 10MWT [46] for gait speed, LEMS [47] to measure strength in key muscles of lower limbs, and WISCI-II [48] and SCIM-3 [49] to evaluate gait autonomy in the first group studies (Figure 2, Figure 3, Figure 4 and Figure 5, summarized in Table 3). Sequentially, a narrative review for the rest of data we collected is shown in Table 4.



Evaluations of all the studies before and after intervention are summarized in Table 3 and Table 5 as arithmetic mean ± standard deviation (SD).



Regarding the studies of this group, we also decided to extract the dosage of robotic treatment in Table 5 to facilitate further comparisons among robotic and non-robotic methods. The risk of bias analysis in the studies is summarized in Figure 6 through “traffic light” graphics.




4. Discussion


This systematic review investigates the use of innovative rehabilitation approaches in patients with SCI. For the first time ever, we have gone beyond robotics since our study also focuses on other promising protocols, paving the way for more personalized training. Indeed, previous reviews have analyzed the effect of singular rehabilitation devices or type of technologies, focusing on stationary robotic-assisted gait training [16,50,51,52,53], and overground exoskeletons [54,55,56], leading to controversial results.



A review by Cheung et al. highlighted improvement in independence and endurance linked to robot-assisted gait training in patients with SCI [53], while Alashram et al. found an increase in gait speed, walking distance, strength, range of motion, and mobility after incomplete SCI through the use of the Lokomat device [50]. Less encouraging results were found in more-remote reviews, such as the one by Swennen et al., in which no evidence on the improvement of walking function after robot-assisted gait training was found [16]. At that time, well-designed randomized controlled trials were lacking, and more evidence was needed.



Regarding rehabilitation through the use of powered exoskeletons, different results were found in complete and incomplete SCI in a recent scoping review. Walking performance tested with 10MWT, 6MWT, TUG, and WISCI improved only in patients with incomplete SCI [56]. However, as demonstrated by Louie et al., only powered exoskeletons can provide the ability to walk at modest speeds to non-ambulatory individuals with complete SCI [55].



No other reviews explore the use of external stimulation and intermittent hypoxia in gait rehabilitation in people with spinal cord injuries, possibly because of the lack of comparable outcome data. This was why we were able to perform a metanalysis only on robotics and for specific outcomes (i.e., 10MWT [46], LEMS [47], WISCI-II [48], and SCIM-3 [49]).



4.1. Studies on Robotics


Technological devices, such as robots, are able to deliver repetitive, high-intensity, standardized movement [57], a task that is difficult to achieve through manual therapy. Our analysis demonstrated that there is a sufficient magnitude [58] of WISCI-II with ES (Effect Size) = 0.23 (ES > 0.2) for robotic rehabilitation methods. No other relevant results in terms of ES were observed for other outcome measures. In our analysis, we did not observe a correlation between the exposition to the intervention and ES. Nevertheless, data showed that a major dosage of intervention leads to the highest ES, as shown in Table 4. The contribution of the other outcome measures is uncertain, as the ES of robotic rehabilitation is high but with an insufficient magnitude.



Two studies evaluated the use of an exoskeleton (the Ekso®): one comparing it with conventional physical therapy [18] and the other comparing it with conventional therapy and BSWTT or standard care [37]. The first one was a pilot study on feasibility and efficacy, wherein all participants were able to complete the training, and significant improvement in the stride length, right step length, and 6MWT were observed after the experimental training. The second study confirmed that gait training with Ekso is safe and feasible in an outpatient setting, increasing gait speed (even though not statistically significantly), leading to clinically significant improvement proved by the transition in the gait speed category from home to community ambulation. Wearable exoskeletons, therefore, can be utilized as a gait-training device to facilitate motor and gait function recovery and health promotion for people with SPI. To this aim, a new prototype using pneumatic actuators may be used. Indeed, a geometrical model of a pneumatic exoskeleton based on anthropometrical parameters has been proposed. The authors attempted to demonstrate that their approach can be utilized to analyze the kinematics of the positions of lower limb segments and exoskeleton elements. Then, by changing every kinematic parameter (angle and angular velocity of each joint), how actuators should work can be observed [59].




4.2. External Stimulation (Non-Invasive Brain Stimulation)


The five studies selected evaluated two different methods of brain stimulation: Transcranial Magnetic Stimulation (TMS) and transcranial Direct Current Stimulation (tDCS). The TMS functioning mechanism seems to be activated by two different pathways, such as recruitment of neural networks [60,61,62], resulting in stimulation of neuroplasticity and modulation of the cerebral cortex with a reflection on descending paths [19,20]. These methods were associated with physical therapy, and efficacy in gait recovery was investigated. TMS associated with conventional physical therapy showed a 12.4% increase in speed in the group treated with TMS + physical therapy, a 16.5% increase in speed in the group treated with placebo + physical therapy, and an 18.7% increase in speed in the group using TMS only. Real TMS compared with SHAM was associated with a greater increase in total leg maximum voluntary contraction, with no significant results in gait parameters [43]. The association of TMS with gait training using Lokomat in sub-acute patients has proven more effective. Indeed, at follow-up evaluation, 71.4% of patients receiving TMS could complete the 6MWT, whereas only 40% of the sample treated with placebo + Lokomat could complete it. Nonetheless, no improvement in WISCI-II was observed in the two groups.



In contrast, robotic rehabilitation using Lokomat coupled with tDCS was applied in the study by Raithatha et al. [44], wherein the experimental group showed better results in evaluation in terms of strength measured by Manual Muscle Testing (MMT) with intragroup changes from baseline to postintervention of 4.3 ± 2.1 on the left lower limb and 9.1 ± 3.8 for the right lower limb. Previous research has shown that anodal tDCS applied to the motor cortex increases corticospinal excitability in both healthy adults and stroke survivors [63]. Moreover, it seems that neuromodulation may improve the acquisition and consolidation of motor abilities [64], though more recent research has shown a substantial degree of interindividual heterogeneity in motor cortical responsiveness to tDCS [65], which may contribute to a lack of effect observed in other studies. Taken together, data on these coupled approaches suggest that it is possible to associate rehabilitative methods (physical therapy and robotics) with tDCS and TMS to further improve functional recovery in patients affected by SCI.




4.3. Intermittent Hypoxia


Intermittent hypoxia (IH) appears to increase physical performance of people with incomplete SCI, as shown by Trumbower in al. [66]. This method seems able to stimulate synaptic plasticity of nervous fibers spared after injuries through the secretion of serotonin from Carotidis chemoceptors [67,68]. The release of serotonin activates the specific receptor 5-HT2, triggering the release of BDNF (brain-derived neurotrophic factor) [69] and the activation of the tirosin-kinasis signal path [70]. Some authors [39,40] tried to confirm the hypothesis of a better outcome by associating a rehabilitation treatment to IH.



Navarrete-Opazo et al. [40] associated BWSTT with a 90” IH FiO2 9%, 15 times a day for 5 days in a row, followed by IH 3 times a week for the following 3 weeks. Gait training sessions were executed 3 times a week for 3 weeks. Beginning on the fifth day of IH therapy, an increase in speed measured through the 10MWT was observed; moreover, this gain was maintained for the next 3 weeks, and endurance increased as well.



Another study by Hayes et al. [38], applied the same protocol for 5 days in a row and was associated with 30 min of walking on the ground one hour later. The most important result was an endurance and speed increase (as per 6MWT and 10WMT, respectively) in the group treated with IH + walking.



Finally, it has been shown that IH elicits clinically meaningful improvements in walking speed and distance that persist for weeks after treatment [39]. However, given the lack of common outcome measures and the few patients enrolled in these published studies, it is not possible to state whether and to what extent IH works for treating SCI.





5. Conclusions


A cohort of new rehabilitation methods have been studied in the last 12 years to improve gait recovery in SCI patients. These can be associated with conventional rehabilitation to enhance neuroplasticity and consequently motor function and mobility. We observed, with low evidence, that robot-assisted gait rehabilitation, alone or associated with other methods (e.g., Biofeedback EMG), leads to improvement in gait function and independence, in comparison to conventional therapy alone. Moreover, we may say that this kind of rehabilitation relieves the care to acquire the same therapeutic dosage we can deliver with traditional methods using fewer human resources. External stimulation appears to be a promising technique when TMS is associated with robotic rehabilitation. Finally, the usage of Intermittent Hypoxia associated with physical exercise seems to be the fastest method to improve gait outcome measures. Nonetheless, there is still a lack of large sample trials with good homogeneity of data and long-term follow-up. Future research should take into account different combinations of treatment to further increase motor outcomes, and therefore quality of life, in patients with SCI.







Author Contributions


Conceptualization, G.L.R. and M.A.; methodology, G.L.R., T.D.G., and M.A.; software, M.A.; validation, all authors.; investigation, G.L.R. and R.S.C.; resources, M.P.O. and R.S.C.; writing—original draft preparation, G.L.R. and M.A.; writing—review and editing, G.L.R. and R.S.C.; supervision, M.P.O.; funding acquisition, R.S.C. All authors have read and agreed to the published version of the manuscript.




Funding


The funding was supported by the Italian Ministry of Health—Current Research 2022. This funding does not have an alphanumeric identification code.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors wish to thank Chiarenza Gloria for English editing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Spinal Cord Injury. Available online: https://www.who.int/news-room/fact-sheets/detail/spinal-cord-injury (accessed on 24 September 2020).

	



West, C.R.; AlYahya, A.; Laher, I.; Krassioukov, A. Peripheral vascular function in spinal cord injury: A systematic review. Spinal Cord 2013, 51, 10–19. [Google Scholar] [CrossRef]

	



Raineteau, O.; Schwab, M.E. Plasticity of motor systems after incomplete spinal cord injury. Nat. Rev. Neurosci. 2001, 2, 263–273. [Google Scholar] [CrossRef] [PubMed]

	



Kaplan, S.A.; Chancellor, M.B.; Blaivas, J.G. Bladder and Sphincter Behavior in Patients with Spinal Cord Lesions. J. Urol. 1991, 146, 113–117. [Google Scholar] [CrossRef]

	



Karlsson, A.-K. Overview: Autonomic dysfunction in spinal cord injury: Clinical presentation of symptoms and signs. In Progress in Brain Research; Weaver, L.C., Polosa, C., Eds.; Elsevier: Amsterdam, The Netherlands, 2006; pp. 1–8. [Google Scholar]

	



Ditunno, P.L.; Patrick, M.; Stineman, M.; Ditunno, J.F. Who wants to walk? Preferences for recovery after SCI: A longitudinal and cross-sectional study. Spinal Cord 2008, 46, 500–506. [Google Scholar] [CrossRef] [PubMed]

	



Bishop, L.; Stein, J.; Wong, C.K. Robot-aided gait training in an individual with chronic spinal cord injury: A case study. J. Neurol. Phys. Ther. 2012, 36, 138–143. [Google Scholar] [CrossRef] [PubMed]

	



Perry, J.; Burnfield, J.M. Gait Analysis: Normal and Pathological Function, 2nd ed.; SLACK: Thorofare, NJ, USA, 2010. [Google Scholar]

	



Brooks, V.B. The Neural Basis of Motor Control; 3. [print.]; Oxford University Press: New York, NY, USA, 1986. [Google Scholar]

	



Takakusaki, K. Neurophysiology of gait: From the spinal cord to the frontal lobe: Neurophysiology of Gait. Mov. Disord. 2013, 28, 1483–1491. [Google Scholar] [CrossRef]

	



Côté, M.-P.; Murray, M.; Lemay, M.A. Rehabilitation Strategies after Spinal Cord Injury: Inquiry into the Mechanisms of Success and Failure. J. Neurotrauma 2017, 34, 1841–1857. [Google Scholar] [CrossRef]

	



Klarner, T.; Zehr, E.P. Sherlock Holmes and the curious case of the human locomotor central pattern generator. J. Neurophysiol. 2018, 120, 53–77. [Google Scholar] [CrossRef]

	



Scivoletto, G.; Ivanenko, Y.; Morganti, B.; Grasso, R.; Zago, M.; Lacquaniti, F.; Ditunno, J.; Molinari, M. Review Article: Plasticity of Spinal Centers in Spinal Cord Injury Patients: New Concepts for Gait Evaluation and Training. Neurorehabil. Neural Repair 2007, 21, 358–365. [Google Scholar] [CrossRef]

	



Harvey, L.A.; Glinsky, J.V.; Bowden, J.L. The effectiveness of 22 commonly administered physiotherapy interventions for people with spinal cord injury: A systematic review. Spinal Cord 2016, 54, 914–923. [Google Scholar] [CrossRef]

	



Fakhoury, M. Spinal cord injury: Overview of experimental approaches used to restore locomotor activity. Rev. Neurosci. 2015, 26, 397–405. [Google Scholar] [CrossRef] [PubMed]

	



Swinnen, E.; Duerinck, S.; Baeyens, J.-P.; Meeusen, R.; Kerckhofs, E. Effectiveness of robot-assisted gait training in persons with spinal cord injury: A systematic review. J. Rehabil. Med. 2010, 42, 520–526. [Google Scholar] [CrossRef] [PubMed]

	



Robotic Gait Rehabilitation and Substitution Devices in Neurological Disorders: Where Are We Now? Available online: https://scholar.google.it/citations?view_op=view_citation&hl=it&user=TGgSNGUAAAAJ&citation_for_view=TGgSNGUAAAAJ:8xutWZnSdmoC (accessed on 19 March 2022).

	



Chang, S.-H.; Afzal, T.; TIRR SCI Clinical Exoskeleton Group; Berliner, J.; Francisco, G.E. Exoskeleton-assisted gait training to improve gait in individuals with spinal cord injury: A pilot randomized study. Pilot Feasibility Stud. 2018, 4, 62. [Google Scholar] [CrossRef] [PubMed]

	



Hiscock, A.; Miller, S.; Rothwell, J.; Tallis, R.C.; Pomeroy, V. Informing Dose-Finding Studies of Repetitive Transcranial Magnetic Stimulation to Enhance Motor Function: A Qualitative Systematic Review. Neurorehabil. Neural Repair 2008, 22, 228–249. [Google Scholar] [CrossRef]

	



Butler, A.J.; Wolf, S.L. Putting the brain on the map: Use of transcranial magnetic stimulation to assess and induce cortical plasticity of upper-extremity movement. Phys. Ther. 2007, 87, 719–736. [Google Scholar] [CrossRef]

	



Astorino, T.A.; Harness, E.T.; White, A.C. Efficacy of Acute Intermittent Hypoxia on Physical Function and Health Status in Humans with Spinal Cord Injury: A Brief Review. Neural Plast. 2015, 2015, 409625. [Google Scholar] [CrossRef] [PubMed]

	



Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Gøtzsche, P.C.; Ioannidis, J.P.A.; Clarke, M.; Devereaux, P.J.; Kleijnen, J.; Moher, D. The PRISMA Statement for Reporting Systematic Reviews and Meta-Analyses of Studies That Evaluate Health Care Interventions: Explanation and Elaboration. PLoS Med. 2009, 6, e1000100. [Google Scholar] [CrossRef] [PubMed]

	



Liberati, M.; Tetzlaff, J.; Altman, D.G.; PRISMA Group. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med. 2009, 6, e1000097. [Google Scholar] [CrossRef]

	



Miller, S.A.; Forrest, J.L. Enhancing your practice through evidence-based decision making: PICO, learning how to ask good questions. J. Evid. Based Dent. Pract. 2001, 1, 136–141. [Google Scholar] [CrossRef]

	



Sterne, J.A.C.; Savović, J.; Page, M.J.; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H.Y.; Corbett, M.S.; Eldridge, S.M.; et al. RoB 2: A revised tool for assessing risk of bias in randomised trials. BMJ 2019, 366, l4898. [Google Scholar] [CrossRef]

	



Higgins, J.P.T.; Altman, D.G.; Gøtzsche, P.C.; Jüni, P.; Moher, D.; Oxman, A.D.; Savović, J.; Schulz, K.F.; Weeks, L.; Sterne, J.A.C.; et al. The Cochrane Collaboration’s tool for assessing risk of bias in randomised trials. BMJ 2011, 343, d5928. [Google Scholar] [CrossRef] [PubMed]

	



Wan, X.; Wang, W.; Liu, J.; Tong, T. Estimating the sample mean and standard deviation from the sample size, median, range and/or interquartile range. BMC Med. Res. Methodol. 2014, 14, 135. [Google Scholar] [CrossRef] [PubMed]

	



Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71. [Google Scholar] [CrossRef] [PubMed]

	



Midik, M.; Paker, N.; Bugdayci, D.; Midik, A.C. Effects of robot-assisted gait training on lower extremity strength, functional independence, and walking function in men with incomplete traumatic spinal cord injury. Turk. Fiz. Tip Rehabil. Derg. [Turk. J. Phys. Med. Rehabil.] 2020, 66, 54–59. [Google Scholar] [CrossRef] [PubMed]

	



Varoqui, D.; Niu, X.; Mirbagheri, M.M. Ankle voluntary movement enhancement following robotic-assisted locomotor training in spinal cord injury. J. Neuroeng. Rehabil. 2014, 11, 46. [Google Scholar] [CrossRef]

	



Yildirim, M.A.; Öneş, K.; Gökşenoğlu, G. Early term effects of robotic assisted gait training on ambulation and functional capacity in patients with spinal cord injury. Turk. J. Med. Sci. 2019, 49, 838–848. [Google Scholar] [CrossRef]

	



Cheung, E.Y.Y.; Yu, K.K.K.; Kwan, R.L.C.; Ng, C.K.M.; Chau, R.M.W.; Cheing, G.L.Y. Effect of EMG-biofeedback robotic-assisted body weight supported treadmill training on walking ability and cardiopulmonary function on people with subacute spinal cord injuries—A randomized controlled trial. BMC Neurol. 2019, 19, 140. [Google Scholar] [CrossRef]

	



Shin, J.C.; Kim, J.Y.; Park, H.K.; Kim, N.Y. Effect of Robotic-Assisted Gait Training in Patients with Incomplete Spinal Cord Injury. Ann. Rehabil. Med. 2014, 38, 719. [Google Scholar] [CrossRef]

	



Duffell, L.D.; Brown, G.L.; Mirbagheri, M.M. Interventions to Reduce Spasticity and Improve Function in People with Chronic Incomplete Spinal Cord Injury: Distinctions Revealed by Different Analytical Methods. Neurorehabil. Neural Repair 2015, 29, 566–576. [Google Scholar] [CrossRef]

	



Labruyère, R.; van Hedel, H.J.A. Strength training versus robot-assisted gait training after incomplete spinal cord injury: A randomized pilot study in patients depending on walking assistance. J. Neuroeng. Rehabil. 2014, 11, 4. [Google Scholar] [CrossRef]

	



Wu, M.; Kim, J.; Wei, F. Facilitating Weight Shifting During Treadmill Training Improves Walking Function in Humans with Spinal Cord Injury: A Randomized Controlled Pilot Study. Am. J. Phys. Med. Rehabil. 2018, 97, 585–592. [Google Scholar] [CrossRef]

	



Edwards, D.J.; Forrest, G.; Cortes, M.; Weightman, M.M.; Sadowsky, C.; Chang, S.-H.; Furman, K.; Bialek, A.; Prokup, S.; Carlow, J.; et al. Walking improvement in chronic incomplete spinal cord injury with exoskeleton robotic training (WISE): A randomized controlled trial. Spinal Cord 2022, 60, 522–532. [Google Scholar] [CrossRef] [PubMed]

	



Hayes, H.B.; Jayaraman, A.; Herrmann, M.; Mitchell, G.S.; Rymer, W.Z.; Trumbower, R.D. Daily intermittent hypoxia enhances walking after chronic spinal cord injury: A randomized trial. Neurology 2014, 82, 104–113. [Google Scholar] [CrossRef]

	



Tan, A.Q.; Sohn, W.J.; Naidu, A.; Trumbower, R.D. Daily acute intermittent hypoxia combined with walking practice enhances walking performance but not intralimb motor coordination in persons with chronic incomplete spinal cord injury. Exp. Neurol. 2021, 340, 113669. [Google Scholar] [CrossRef]

	



Navarrete-Opazo, A.; Alcayaga, J.; Sepúlveda, O.; Rojas, E.; Astudillo, C. Repetitive Intermittent Hypoxia and Locomotor Training Enhances Walking Function in Incomplete Spinal Cord Injury Subjects: A Randomized, Triple-Blind, Placebo-Controlled Clinical Trial. J. Neurotrauma 2017, 34, 1803–1812. [Google Scholar] [CrossRef]

	



Kumru, H.; Benito-Penalva, J.; Valls-Sole, J.; Murillo, N.; Tormos, J.M.; Flores, C.; Vidal, J. Placebo-controlled study of rTMS combined with Lokomat® gait training for treatment in subjects with motor incomplete spinal cord injury. Exp. Brain Res. 2016, 234, 3447–3455. [Google Scholar] [CrossRef] [PubMed]

	



Corticospinal-Motor Neuronal Plasticity Promotes Exercise-Mediated Recovery in Humans with Spinal Cord Injury|Brain|Oxford Academic. Available online: https://academic.oup.com/brain/article-abstract/143/5/1368/5827586 (accessed on 20 September 2020).

	



Krogh, S.; Aagaard, P.; Jønsson, A.B.; Figlewski, K.; Kasch, H. Effects of repetitive transcranial magnetic stimulation on recovery in lower limb muscle strength and gait function following spinal cord injury: A randomized controlled trial. Spinal Cord 2022, 60, 135–141. [Google Scholar] [CrossRef]

	



Raithatha, R.; Carrico, C.; Powell, E.S.; Westgate, P.M.; Ii, K.C.C.; Lee, K.; Dunsmore, L.; Salles, S.; Sawaki, L. Non-invasive brain stimulation and robot-assisted gait training after incomplete spinal cord injury: A randomized pilot study. NeuroRehabilitation 2016, 38, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Evans, N.H.; Suri, C.; Field-Fote, E.C. Walking and Balance Outcomes Are Improved Following Brief Intensive Locomotor Skill Training but Are Not Augmented by Transcranial Direct Current Stimulation in Persons with Chronic Spinal Cord Injury. Front. Hum. Neurosci. 2022, 16, 849297. [Google Scholar] [CrossRef]

	



Jackson, A.; Carnel, C.; Ditunno, J.; Read, M.S.; Boninger, M.; Schmeler, M.R.; Williams, S.R.; Donovan, W.H. Outcome measures for gait and ambulation in the spinal cord injury population. J. Spinal Cord Med. 2008, 31, 487–499. [Google Scholar] [CrossRef]

	



Stauffer, E.S.; Hoffer, M.M.; Nickel, V.L. Ambulation in Thoracic Paraplegia. JBJS. 1978. Available online: https://journals.lww.com/jbjsjournal/Citation/1978/60060/Ambulation_in_thoracic_paraplegia_.18.aspx (accessed on 18 October 2020).

	



Dittuno, P.L.; Dittuno, J.F., Jr. Walking index for spinal cord injury (WISCI II): Scale revision. Spinal Cord 2001, 39, 654–656. [Google Scholar] [CrossRef] [PubMed]

	



Itzkovich, M.; Gelernter, I.; Biering-Sorensen, F.; Weeks, C.; Laramee, M.T.; Craven, B.C.; Tonack, M.; Hitzig, S.L.; Glaser, E.; Zeilig, G.; et al. The Spinal Cord Independence Measure (SCIM) version III: Reliability and validity in a multi-center international study. Disabil. Rehabil. 2007, 29, 1926–1933. [Google Scholar] [CrossRef] [PubMed]

	



Alashram, A.R.; Annino, G.; Padua, E. Robot-assisted gait training in individuals with spinal cord injury: A systematic review for the clinical effectiveness of Lokomat. J. Clin. Neurosci. 2021, 91, 260–269. [Google Scholar] [CrossRef]

	



Holanda, L.J.; Silva, P.M.M.; Amorim, T.C.; Lacerda, M.O.; Simão, C.R.; Morya, E. Robotic assisted gait as a tool for rehabilitation of individuals with spinal cord injury: A systematic review. J. NeuroEng. Rehabil. 2017, 14, 126. [Google Scholar] [CrossRef] [PubMed]

	



Fang, C.-Y.; Tsai, J.-L.; Li, G.-S.; Lien, A.S.-Y.; Chang, Y.-J. Effects of Robot-Assisted Gait Training in Individuals with Spinal Cord Injury: A Meta-analysis. BioMed Res. Int. 2020, 2020, 2102785. [Google Scholar] [CrossRef]

	



Cheung, E.Y.Y.; Ng, T.K.W.; Yu, K.K.K.; Kwan, R.; Cheing, G.L. Robot-Assisted Training for People with Spinal Cord Injury: A Meta-Analysis. Arch. Phys. Med. Rehabil. 2017, 98, 2320–2331.e12. [Google Scholar] [CrossRef]

	



Tan, K.; Koyama, S.; Sakurai, H.; Teranishi, T.; Kanada, Y.; Tanabe, S. Wearable robotic exoskeleton for gait reconstruction in patients with spinal cord injury: A literature review. J. Orthop. Transl. 2021, 28, 55–64. [Google Scholar] [CrossRef]

	



Spinal Cord Injury Research Evidence (SCIRE) Research Team; Louie, D.R.; Eng, J.J.; Lam, T. Gait speed using powered robotic exoskeletons after spinal cord injury: A systematic review and correlational study. J. NeuroEng. Rehabil. 2015, 12, 82. [Google Scholar] [CrossRef]

	



Stampacchia, G.; Gazzotti, V.; Olivieri, M.; Andrenelli, E.; Bonaiuti, D.; Calabro, R.S.; Carmignano, S.M.; Cassio, A.; Fundaro, C.; Companini, I.; et al. Gait robot-assisted rehabilitation in persons with spinal cord injury: A scoping review. NRE 2022, 51, 609–647. [Google Scholar] [CrossRef]

	



Bertani, R.; Melegari, C.; De Cola, M.C.; Bramanti, A.; Bramanti, P.; Calabrò, R.S. Effects of robot-assisted upper limb rehabilitation in stroke patients: A systematic review with meta-analysis. Neurol. Sci. 2017, 38, 1561–1569. [Google Scholar] [CrossRef]

	



Wasserman, S.; Hedges, L.V.; Olkin, I. Statistical Methods for Meta-Analysis. J. Educ. Stat. 1988, 13, 75. [Google Scholar] [CrossRef]

	



Glowinskj, S.; Ptak, M. A kinematic model of a humanoid lower limb exoskeleton with pneumatic actuators. Acta Bioeng. Biomech. 2022, 24, 145–157. [Google Scholar]

	



Bunday, K.L.; Perez, M.A. Motor recovery after spinal cord injury enhanced by strengthening corticospinal synaptic transmission. Curr. Biol. 2012, 22, 2355–2361. [Google Scholar] [CrossRef] [PubMed]

	



Bunday, K.L.; Urbin, M.A.; Perez, M.A. Potentiating paired corticospinal-motoneuronal plasticity after spinal cord injury. Brain Stimul. 2018, 11, 1083–1092. [Google Scholar] [CrossRef]

	



Urbin, M.A.; Ozdemir, R.A.; Tazoe, T.; Perez, M.A. Spike-timing-dependent plasticity in lower-limb motoneurons after human spinal cord injury. J. Neurophysiol. 2017, 118, 2171–2180. [Google Scholar] [CrossRef] [PubMed]

	



Bastani, A.; Jaberzadeh, S. Does anodal transcranial direct current stimulation enhance excitability of the motor cortex and motor function in healthy individuals and subjects with stroke: A systematic review and meta-analysis. Clin. Neurophysiol. 2012, 123, 644–657. [Google Scholar] [CrossRef] [PubMed]

	



Wittkopf, P.G.; Larsen, D.B.; Graven-Nielsen, T. Protocols for inducing homeostatic plasticity reflected in the corticospinal excitability in healthy human participants: A systematic review and meta-analysis. Eur. J. Neurosci. 2021, 54, 5444–5461. [Google Scholar] [CrossRef]

	



Jonker, Z.D.; Gaiser, C.; Tulen, J.H.M.; Ribbers, G.M.; Frens, M.A.; Selles, R.W. No effect of anodal tDCS on motor cortical excitability and no evidence for responders in a large double-blind placebo-controlled trial. Brain Stimul. 2021, 14, 100–109. [Google Scholar] [CrossRef] [PubMed]

	



Trumbower, R.D.; Jayaraman, A.; Mitchell, G.S.; Rymer, W.Z. Exposure to acute intermittent hypoxia augments somatic motor function in humans with incomplete spinal cord injury. Neurorehabilit. Neural Repair 2012, 26, 163–172. [Google Scholar] [CrossRef] [PubMed]

	



Fuller, D.D.; Bach, K.B.; Baker, T.L.; Kinkead, R.; Mitchell, G.S. Long term facilitation of phrenic motor output. Respir. Physiol. 2000, 121, 135–146. [Google Scholar] [CrossRef] [PubMed]

	



MacFarlane, P.M.; Mitchell, G.S. Episodic spinal serotonin receptor activation elicits long-lasting phrenic motor facilitation by an NADPH oxidase-dependent mechanism. J. Physiol. 2009, 587, 5469–5481. [Google Scholar] [CrossRef] [PubMed]

	



Baker-Herman, T.L.; Fuller, D.D.; Bavis, R.W.; Zabka, A.G.; Golder, F.J.; Doperalski, N.J.; Johnson, R.A.; Watters, J.J.; Mitchell, G.S. BDNF is necessary and sufficient for spinal respiratory plasticity following intermittent hypoxia. Nat. Neurosci. 2004, 7, 48–55. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, M.S.; Nichols, N.L.; MacFarlane, P.M.; Mitchell, G.S. Phrenic long-term facilitation after acute intermittent hypoxia requires spinal ERK activation but not TrkB synthesis. J. Appl. Physiol. 2012, 113, 1184–1193. [Google Scholar] [CrossRef] [PubMed]








[image: Brainsci 13 00703 g001 550] 





Figure 1. Selection process. 
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Figure 2. Forest plot of 10MWT at comfort speed. Effect Size (ES) 95% of confidence interval (95% CI); Weight of the effect size (W); Case Sample (N1); Control Sample (N2). Chang et al. 2018 [18], Cheung et al. 2019 [32], Labruyère & He-del 2014 [35], Wu et al. 2018 [36]. 
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Figure 3. Forest plot of LEMS. Effect Size (ES) 95% of confidence interval (95% CI); Weight of the effect size (W); Case Sample (N1); Control Sample (N2). Cheung et al. 2019 [32], Labruyère & He-del 2014 [35], Midik et al. 2020 [29], Shin et al. 2014 [33], Wu et al. 2018 [36]. 
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Figure 4. Forest plot of WISCI-II. Effect Size (ES) 95% of confidence interval (95% CI); Weight of the effect size (W); Case Sample (N1); Control Sample (N2). Cheung et al. 2019 [32], Labruyère & He-del 2014 [35], Midik et al. 2020 [29], Shin et al. 2014 [33]. 
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Figure 5. Forest plot of SCIM-3. Effect Size (ES) 95% of confidence interval (95% CI); Weight of the effect size (W); Case Sample (N1); Control Sample (N2). Cheung et al. 2019 [32], Labruyère & He-del 2014 [35], Midik et al. 2020 [29], Shin et al. 2014 [33]. 
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Figure 6. “Traffic” Light graphics of Risk of bias, RoB 2. Cheung et al. 2019 [32], Duffell et al. 2015 [34], Labruyère & Hedel 2014 [35], Midik et al. 2020 [29], Shin et al. 2014 [33], Varoqui et al. 2014 [30], Yildirim et al. 2019 [31], Wu et al. 2018 [36], Chang et al. 2018 [18], Jo et al. 2020 [42], Kumru et al. 2016 [41], Raithatha et al. 2016 [44], Hayes et al. 2014 [38], Navarrete-Opazo et al. 2017 [40], Evans et al. 2022 [45], Krogh et al. 2021 [43], Tan et al. 2022 [39], Edwards et al. 2022 [37]. 
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Table 1. PICO criteria.
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	Population
	Adult people with stabilized spinal cord, tetraplegic, or paraplegic injuries with gait impairment.



	Intervention
	Rehabilitation with innovative methods



	Comparison
	New rehabilitation methods vs. conventional methods



	Outcome
	Improvement in gait parameters
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Table 2. RCTs selected for the systematic review.






Table 2. RCTs selected for the systematic review.





	Study
	Intervention
	Intervention Time
	Case/Control
	Outcome Measures
	Mean Age ± SD Case/Control
	Lesion Level
	AIS
	Time since Lesion
	Results/Conclusions





	Cheung et al. 2019 [32]
	Lokomat + EMG feedback
	8 weeks
	15/15
	10MWT 6MWT TUG WISCI-II MAS
	55.6 ± 4.98/53.0 ± 12.94
	<T10
	C, D
	<1 year
	Use of EMG-biofeedback RAGT enhanced the walking performance for SCI subjects and improved cardiopulmonary function



	Duffell et al. 2015 [34]
	Lokomat
	4 weeks
	27/29
	10MWT 6MWT TUG LEMS
	46.6 ± 12.6/47.8 ± 13.1
	<T10
	C, D
	>1 year
	Overall, walking speed and endurance improved, with no difference between interventions. Improvements in function were achieved in a limited number of people with SCI



	Labruyère & Hedel 2014 [35]
	Lokomat
	4 weeks
	5/4
	10 MWT LEMS WISCI-II FET SCIM BERG PCI
	59 ± 11 *
	C4-T11
	C, D
	>1 year
	No significant differences in changes in scores between the 2 interventions, except for maximal walking speed (10MWT), which improved significantly more after strength training than after RAGT



	Midik et al. 2020 [29]
	Lokomat
	5 days
	15/15
	LEMS WISCI-II SCIM-III
	35.4 ± 12.1/37.9 ± 10.0
	T12-L3
	C, D
	>3 months
	Conventional rehabilitation is useful in terms of the improvement in the lower extremity motor function, walking, and functional status in men with incomplete SCI. RAGT provides greater improvement in the lower extremity motor function and functional independence.



	Shin et al. 2014 [33]
	Lokomat
	4 weeks
	27/26
	LEMS AMI SCIM-III WISCI-II
	43.15 ± 14.37/48.15 ± 11.49
	C1-L4
	D
	<6 months
	RAGT combined with conventional physiotherapy could yield more improvement in ambulatory function than conventional therapy alone



	Varoqui et al. 2014 [30]
	Lokomat
	4 weeks
	15/15
	Distance walked in 2 min 10MWT 6MWT TUG
	50.80 ± 2.12/44.65 ± 2.66
	<T10
	C, D
	<1 year
	The improvements in the kinematic and kinetic parameters of the ankle voluntary movement, and their correlation with the functional assessments, support the therapeutic effect of robotic-assisted locomotor training on motor impairment in chronic iSCI



	Yildirim et al. 2019 [31]
	Lokomat
	8 weeks
	44/44
	WISCI-II FIM
	32 ± 23/36.5 ± 24
	C1-L4
	A, B, C, D
	<6 months
	Robotic-assisted gait training combined with conventional therapy was found to be superior to the conventional therapy in terms of gait function and level of disability



	Wu et al. 2018 [36]
	3DCaLT
	6 weeks
	7/7
	6MWT speed MAS BERG SF-36
	48.4 ± 13.5/48.1 ± 4.9
	C2-T10
	C, D
	>1 year
	A greater improvement in 6-min walking distance was observed after robotic training than that after treadmill-only training



	Chang et al. 2018 [18]
	Ekso
	3 weeks
	4/3
	10MWT 6WT TUG LEMS spacial-temporal parameters
	56 ± 17/60 ± 2
	<T12
	C, D
	<6 months
	Improvement was observed in the 6MWT for the exoskeleton (EGT) group. Both the EGT and the conventional groups showed significant increases in right step length. The EGT group also showed improvement in stride length.



	Jo et al. 2020 [42]
	TMS + exercise
	3 weeks
	13/12 + 13 **
	10MWT GRASSP MEP MVC
	44.2 ± 14.8 *
	C2-L3
	A, C, D
	>1 year
	Stimulation contributed to preserving exercise gains. Our findings indicate that targeted non-invasive stimulation of spinal synapses might represent an effective strategy to facilitate exercise-mediated recovery



	Kumru et al. 2016 [41]
	TMS + Lokomat
	8 weeks
	17/17
	10MWT WISCI-II LEMS
	46.4 ± 15.5/48.7 ± 16.5
	<T12
	C, D
	<6 months
	A total of 20 sessions of daily high-frequency TMS combined with Lokomat gait training can lead to clinical improvement in gait in motor-incomplete SCI



	Raithatha et al. 2016 [44]
	tDCS + Lokomat
	3 weeks
	9/6
	10MWT 6MWT TUG BERG SCIM-III MMT
	47.5 ± 13.2
	C4-L1
	B, C, D
	>1 year
	Pairing tDCS with Lokomat can improve lower extremity motor function more than Lokomat alone



	Hayes et al. 2014 [38]
	IH
	5 weeks
	4/6 ***
	10MWT 6MWT
	43 ± 4 *
	<T12
	C, D
	>1 year
	IH ± walking improved walking speed and distance in patients with chronic iSCI. The impact of IH is enhanced by combination with walking, demonstrating that combinatorial therapies may promote greater functional benefits in patients with iSCI



	Navarrete-Opazo et al. 2017 [40]
	IH + BWSTT
	4 weeks
	17/16
	10MWT 6MWT TUG
	41 ± 17/42 ± 17
	>C5
	C, C
	>6 months
	Moderate IH (daily IH) combined with locomotor training improved walking speed and endurance in subjects with iSCI



	Edwards et al. 2022 [37]
	Ekso
	12 weeks
	9/10/6
	10MWT, 6MWT, TUG, WISCI-II, NASA-Task Load Index
	41 ± 10/50 ± 15
	C3-L1
	C, D
	>1 year
	Chronic SCI participants with independent stepping ability at baseline can improve clinical ambulatory status



	Tan et al. 2021 [39]
	IH + WALK
	4 weeks
	5/5 ***
	10MWT, 6MWT, kinematics parameters
	46 ± 18
	C4-T9
	C, D
	>1 years
	Daily AIH combined with walking practice (AIH + WALK) improved overground walking performance and intralimb motor coordination in patients with chronic iSCI



	Krogh et al. 2021 [43]
	TMS
	4weeks
	10/9
	LEMS, 10MWT, 6MWT)
	57 ± 8/52 ± 12
	C2-L1
	C, D
	>3 months
	High-frequency TMS may increase long-term-training-induced recovery of lower limb muscle strength following SCI.



	Evans et al. 2022 [45]
	tDCS + Motor Skill Training
	3 days
	14/11
	10MWT, kinematics parameters, BBS
	50 ± 10/46 ± 15
	CD-T8
	D
	>1 year
	High-frequency TMS may increase long-term-training-induced recovery of lower limb muscle strength following SCI.







* Only cumulative data available; ** Studies with double control (placebo + exercise − TCMS + exercise − TCMS); *** Crossover Trial with two blocks (IH/placebo − IH/placebo + ground training). AIS: A= Complete, B= Sensory incomplete, C= Motor incomplete, D= Motor incomplete.
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Table 3. Outcome measures of studies of the first group expressed as Mean ± SD.
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	Study
	10 MWT Self-Selected Speed
	10 MWT Fast
	6MWT
	TUG
	WISCI-II
	SCIM-3
	LEMS





	Cheung et al. 2019 [32]
	0.44 ± 0.24/0.45 ± 0.24

0.44 ± 0.29/0.48 ± 0.34
	
	
	
	14.6 ± 4.27/16.3 ± 4.95

17.0 ± 2.78/17.1 ± 2.59
	73.3 ± 19.73/71.0 ± 26.32

80.0 ± 17.44/80.3 ± 17.69
	35.5 ± 4.50/36.5 ± 6.16

39.4 ± 9.07/40 ± 8.89



	Duffell et al. 2015 [34]
	
	No comparable
	No comparable
	No comparable
	
	
	35.0 ± 13.9/34.6 ± 12.3

42.6 ± 4.6/41.9 ± 5.3



	Labruyère & Hedel 2014 [35]
	0.62 ± 0.23/0.66 ± 0.29

0.58 ± 0.19/0.64 ± 0.23
	0.79 ± 0.31/0.80 ± 0.35

0.66 ± 022/0.80 ± 0.28
	
	
	14.1 ± 2.5/14.9 ± 3.1

14.4 ± 2.6/14.8 ± 2.9
	88.4 ± 7.9/89.2 ± 7.6

87.9 ± 8.1/89.2 ± 7.9
	40.9 ± 7.5/41.6 ± 7.3

40.4 ± 6.6/41.4 ± 6.9



	Midik et al. 2020 [29]
	
	
	
	
	9.8 ± 5.42 /13.7 ± 4.26

11 ± 4.26/13.6 ± 3.87
	69.1 ± 18.98/79.1 ± 17.81

69.2 ± 11.62/76.2 ± 9.29
	27.1 ± 12.78/28.9 ± 13.94

23.8 ± 8.91/24.4 ± 8.52



	Shin et al. 2014 [33]
	
	
	
	
	5.67 ± 10.97/10 ± 14.87 *

6.67 ± 12.55/9.67 ± 15.68 *
	5 ± 8.61/12 ± 20.35 *

8 ± 14.12/14 ± 25.88 *
	27.67 ± 21.91/35.33 ± 22.7 *

31 ± 15.69/35 ± 21.96 *



	Varoqui et al. 2014 [30]
	0.56 ± 0.09/0.64 ± 0.10

No available data
	
	206.96 ± 29.57/208.87 ± 28.36

No available data
	34.15 ± 9.61/27.83 ± 7.32

No available data
	
	
	



	Yildirim et al. 2019 [31]
	
	
	
	
	5 (9)/9 (7) **

5 (6.7)/6.5 (5) **
	
	



	Wu et al. 2018 [36]
	0.33 ± 0.15/0.39 ± 0.20 0.56 ± 0.24/0.56 ± 0.24
	0.48 ± 0.22/0.54 ± 0.29

0.80 ± 0.34/0.79 ± 0.35
	120 ± 37/157 ± 59 control was 218 ± 92 m and 225 ± 96
	
	
	
	



	Chang et al. 2018 [18]
	0.17 ± 0.01/0.22 ± 0.03

0.51 ± 0.0.28/0.55 ± 0.31
	
	50 ± 23/67 ± 25

147 ± 87/154 ± 94
	71 ± 23/55 ± 8

37 ± 17/36 ± 17
	
	
	



	Edwards et al. 2022 [37]
	0.18 ± 0.23/0.07 ± 0.11/0.03 ±0.03
	0.20 ±0.24/ 0.14 ±0.18/0.03 ± 0.13
	No comparable
	No comparable
	No comparable
	
	







* Data converted from median and interquartile range to mean ± SD according to Wan et al.’s 2014 formula; ** Data expressed as Median (interquartile range).
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Table 4. Outcome measures of studies of the second and third groups expressed as Mean ± SD.
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	Study
	10 MWT Self-Selected Speed
	10 MWT Fast
	6MWT
	TUG
	WISCI-II
	SCIM-3
	LEMS
	MMT





	Jo et al. 2020 [42]
	
	12.4% *

16.5% */24.5% *
	
	
	
	
	
	



	Kumru et al. 2016 [41]
	2 of 15/6 of 15 #

2 of 16/4 of 16 #
	
	
	
	Comparable between the two groups
	
	+8.2

+3.4
	



	Raithatha et al. 2016 [44]
	0.18 ± 0.15/+0.04 ± 0.07 ##

0.16 ± 0.07/+0.14 ± 0.07 ##
	
	188 ± 212/+21.8 ± 51.4 4 ##

184 ± 88/+132.5 ± 64.35 ##
	38.7 ± 12.9/+ 0.6 ± 10.53 ##

77.5 ± 7.0/–18.5 ± 1.98 ##
	
	59.7 ± 19.5/1.2 ± 1.47 ##

44.2 ± 26.5/2.7 ± 1.13 ##
	
	L 4.3 ± 2.1 **

R 9.1 ± 3.8 **



	Hayes et al. 2014 [38]
	
	Not significative
	+269 m

+173 m
	
	
	
	
	



	Navarrete-Opazo et al. 2017 [40]
	−20.3 ± 6.9 s

−15.5 ± 4.8 s
	
	+70.5 ± 13.2 m

+ 43.1 ± 10.7 m
	−23.7 ± 11.1 s

−22.8 ±11.5 s
	
	
	
	



	Evans et al. 2022 [45]
	
	0.69 ± 0.51/0.83 ± 0.51
	
	
	
	
	
	



	Krogh et al. 2021 [43]
	
	18.5 ± 30.5 /2.5 ±2.1
	77.7 ± 65.5/75.6 ± 56.9
	4.3 ± 3.0/3.7 ± 3.8
	
	
	
	



	Tan et al. 2022 [39]
	No comparable
	No comparable
	No comparable
	
	
	
	
	







* This study shows the necessary time to complete the 10 meters path in percentual reduction before and after the intervention with two control groups (TCMS + exercise/ placebo + exercise / TCMS). ** Within-group changes from baseline to postintervention tDCS/Sham. # Capable of completing the test. ## Mean difference before and after.
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Table 5. Robotic treatment dosage.
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	Study
	Weeks of Treatment
	Session * Week
	Sessions
	Minutes
	Total Minutes





	Midik et al. [29]
	8
	3
	24
	30
	720



	Cheung et al. [32]
	5
	3
	15
	30
	450



	Labruyère & Hedel [35]
	4
	4
	16
	45
	720



	Shin et al. [33]
	4
	3
	12
	40
	480



	Edwards et al. [37]
	12
	3
	36
	45
	1620
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