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Exoskeleton-assisted training to enhance lower limb motor recovery in subacute stroke: does timing matter? A pilot randomized trial
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Background: Lower limb motor recovery, including abnormal muscle synergies, occurs mainly within the first 5–8 weeks after a stroke. This suggests the importance of delivering impairment-focused therapies, such as therapeutic robots that promote symmetric gait, during this time-sensitive period, following the principle of “the earlier, the better.”

Objective: First, to compare early robotic training (ERT) with usual care (UC) against UC alone on restoring intralimb muscle synergies and interlimb symmetry during functional tasks; Second, to investigate whether ERT is superior to delayed robotic training (DRT) starting after the proposed time-sensitive period.

Methods: This observer-blinded, randomized pilot trial with crossover design involved 19 nonambulatory adults included within 14 days poststroke. Those allocated to ERT (N = 10) received immediately 4 weeks of training (16 sessions, 4× /week) with the Ekso GT® above UC and were compared with the DRT group (N = 9) who received UC alone at this point. Thereafter a 3-week UC period followed to investigate sustainability of ERT and the interventional roles were exchanged; at about week 8 poststroke DRT subjects started the same experimental robotic protocol and ERT subjects continued UC as controls. Outcomes included changes in Fugl-Meyer lower extremity scores (FM-LE) reflecting muscle synergies, weight-bearing asymmetry (WBA), and dynamic control asymmetry (DCA) during quiet standing. Functional ambulation category (FAC) was used to classify walking independence (cut-off ≥4).

Results: A trend toward earlier reacquisition of walking independence favoring ERT with UC over UC was not accompanied by differences in FM-LE, WBA, or DCA (first objective). Thereafter, DRT with UC did not yield any significant changes relative to UC, such that no between-group differences were found favoring restorative effects of ERT over DRT (second objective).

Conclusion: This pilot trial shows the feasibility of investigating a wearable exoskeleton as an adjunct therapy in subacute stroke. Nevertheless, our preliminary findings suggest that motor recovery of lower limb muscle synergies was not enhanced by 4 weeks of robotic training to reduce compensations with the less-affected side, irrespective of the timing of application.

Trial registration: ClinicalTrials.gov, identifier: NCT03727919.
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Introduction

Approximately 65%−80% of stroke survivors eventually regain the ability to walk independently within the first 3–6 months poststroke (Jorgensen et al., 1995; Veerbeek et al., 2011; Kennedy et al., 2021). However, spontaneous neurological recovery from motor impairments affecting the lower limb (e.g., abnormal muscle synergies) seems to plateau within 5–8 weeks poststroke, which parallels recovery courses observed for the paretic upper limb (Duncan et al., 1994; Kwakkel et al., 2006; Schroder et al., 2023). In most cases, motor recovery is incomplete and synergistic muscular co-activation persists when performing functional tasks as standing and walking (Garland et al., 2007; Buurke et al., 2008). As a consequence, people with stroke typically prefer asymmetric postures (Laufer et al., 2003; Garland et al., 2007; Roerdink et al., 2009) and stepping patterns (Kwakkel and Wagenaar, 2002; Patterson et al., 2015) to regain independence by compensating with the less-affected limb. The critical recovery period is associated with enhanced levels of neuroplasticity (Murphy and Corbett, 2009; Zeiler, 2019). This suggests an ideal time to deliver impairment-focused rehabilitation therapies. Therefore, the question arises as to whether patients who are unable to walk at onset can be trained to enhance lower limb motor recovery and promote a normal, symmetrical gait if motor training is delivered in a timely manner according to the principle “the earlier, the better.”

Exoskeleton-type robots may be an ideal therapeutic tool for addressing the abovementioned question. These devices are designed to provide more task-specific practice (Louie and Eng, 2016; Schroder et al., 2019), which is an important requirement for improving walking (Veerbeek et al., 2014; Hornby, 2022), while also “normalizing” hemiparetic gait by mimicking the symmetrical step trajectories of able-bodied controls (Hidler et al., 2008; van Kammen et al., 2017). However, despite a trend favoring robotic training as an adjunct therapy to usual care (UC) for achieving walking independence within the first 3 months poststroke (Schroder et al., 2019; Mehrholz et al., 2020), hardly any exoskeleton trials completed their intervention within the critical recovery period of the first 5–8 weeks poststroke. Moreover, trials often lack objective biomechanical outcomes that reflect quality of movement (Nedergard et al., 2021), such as re-emergence of interlimb symmetry in center-of-pressure measures reflecting balance control (Roerdink et al., 2009; Roelofs et al., 2018) or spatiotemporal stepping parameters (Patterson et al., 2010, 2015) as hallmark features of a normative bipedal gait. The first, second, and third Stroke Recovery and Rehabilitation Roundtables (SRRR) of the International Stroke Recovery and Rehabilitation Alliance1 (Bernhardt et al., 2017; Kwakkel et al., 2017, 2019; Van Criekinge et al., 2024) recommend applying these so-called performance assays in trials to distinguish task improvements achieved by behavioral restitution from compensation, thereby contributing to our understanding of interaction effects between spontaneous and learning-dependent recovery induced by early-delivered therapies.

Acknowledging the lack of early-starting exoskeleton trials, this pilot study was conducted. In addition to exploring the feasibility of using the Ekso GT® wearable exoskeleton for overground training (Louie and Eng, 2016; Louie et al., 2020, 2021) in a primary inpatient rehabilitation setting, our aim was to investigate preliminary effects of a 4-week early robotic training (ERT) intervention with UC against UC alone. Regarding our first objective, we hypothesized that ERT as an adjunct therapy improves muscle synergies, as reflected by changes in Fugl-Meyer Lower Extremity scores (FM-LE) that exceed those observed in the controls. Due to significant impairment reductions, we further expected more equal limb contributions during tasks in terms of weight-bearing asymmetry (WBA) and dynamic control asymmetry (DCA) while quiet standing and stepping asymmetries while walking.

Similar to the recent CPASS (Critical Period After Stroke Study) trial by Dromerick et al. (2015, 2021) suggesting a critical poststroke window for arm-hand skill training, our second aim was to investigate whether the delivery of lower limb robotic training at different time points in the subacute phase matters to achieve behavioral restitution. Therefore, we investigated whether training effects on restoring lower limb muscle synergies to promote symmetry are pronounced when applied in the first 5 weeks poststroke relative to delayed robotic training (DRT) delivered above UC at 8 weeks poststroke. Regarding our second objective, which concerns timing, we hypothesized that DRT with UC would be less effective in improving FM-LE scores and, thereby, restore symmetry to improve functional tasks than ERT with UC in the early recovery period. UC alone was used as the comparator during both timings.



Materials and methods

This study is part of the TARGEt research project (Temporal Analyses of the Responsiveness of hemiplegic Gait and standing balance Early poststroke), funded by the Research Foundation Flanders (FWO), Belgium. The study protocol was approved by the medical ethics committee of the University Hospital Antwerp and UAntwerpen (No. 18/25/305; Belgium trial registration no. B300201837010) and registered online (ClinicalTrials.gov, no. NCT03727919). The findings are reported according to CONSORT guidelines adapted for pilot trials (Eldridge et al., 2016).


Patient selection

Adults referred to the neurology wards of the Antwerp University Hospital (Edegem, BE) and GZA hospitals St Augustinus (Wilrijk, BE) and St Vincentius (Antwerp, BE) with suspicion of stroke were screened. Potential candidates were identified as being 18–90 years old, having a first-ever, CT- or MRI-confirmed cortical, subcortical, or midbrain infarct or hemorrhage, and exhibiting one-sided leg weakness (i.e., hemiplegia).

Information about the study was presented to each potential candidate. Once informed consent was given, eligibility was confirmed if participants required inpatient rehabilitation, could be included between 5 and 14 days poststroke to start early interventions, exhibited persistent leg weakness [i.e., Motricity Index lower extremity score (MI-LE) ≤ 75] and walking dependency [i.e., Functional Ambulation Category (FAC) ≤ 1] at the time of inclusion, and had no other significant orthopedic or neurological condition or any contraindications for using the exoskeleton, e.g., body weight >95 kg, severe lower limb hypertonia/contracture.



Design

The present study had an observer-blinded, randomized crossover design (Figure 1). At the baseline measurement (i.e., 5–14 days poststroke), participants were allocated to either the ERT or DRT study arms. Randomization was concealed by using sealed opaque envelopes and executed by an uninvolved person. Randomization was blocked (2-by-2 ratio) and stratified according to the prognosis for achieving walking independence (i.e., favorable FAC ≥4 or poor FAC < 4). Following the validated EPOS (Early Prognosis of functional Outcome after Stroke) model (Veerbeek et al., 2011, 2022), a favorable prognosis was defined as having sitting balance (i.e., Trunk Control Test sitting item >25) and leg strength (i.e., MI-LE ≥25). A poor prognosis was assigned if either of the determinants were more impaired.
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FIGURE 1
 Design of the clinical trial. ERT, early robotic training; DRT, delayed robotic training; UC, usual care.


The experimental intervention was a 4-week robotic training program delivered additional to UC. The ERT arm received this intervention immediately after inclusion and up to the fifth week poststroke, whereas the DRT group received UC as controls. After a 3-week period consisting of UC alone to investigate the sustainability of ERT, the intervention roles were exchanged, such that the DRT group received the same experimental protocol between weeks 8 and 12 poststroke, whereas the ERT participants continued UC as controls. The delayed timing was consciously set as a control reference to deliver the same intervention approximately after the critical recovery period while maintaining within the boundaries of inpatient hospitalization. This is about 3–4 months in those with significant gait limitations, as shown by previous trials in our facilities (Saeys et al., 2012; Van Criekinge et al., 2020). Thus, between-group comparisons for estimating treatment effects were ERT with UC vs. UC in the early period, and DRT with UC vs. UC in the delayed period.

Measurements were performed at baseline and at weeks 5, 8, and 12 poststroke. A trained, blinded assessor (EE or RLC) rated subjective clinical scales in a specific subject during face-to-face sessions. Objective biomechanical evaluations were obtained using computerized laboratory devices, operated by the study coordinator (JS) who was aware of treatment allocation. Standing balance evaluations started once participants could bipedal stand [i.e., Berg Balance Scale unsupported standing item (BBS-stand) ≥2]. Walking evaluations started once participants could walk under supervision (i.e., FAC ≥3).



Intervention
 
Robotic training

We used the Ekso GT® (Ekso Bionics, CA, US) wearable exoskeleton (Louie and Eng, 2016; Louie et al., 2020, 2021), consisting of motorized limbs that provide bilateral hip and knee motion in the sagittal plane to practice overground walking. A passive spring-loaded joint maintained the ankles in a neutral position via footplates to assist foot clearance. The device must be prepared to fit the patients' body measurements, including hip width and upper and lower leg length.

The motorized legs can be moved with full or partial assistance to encourage active patient involvement and progress training difficulty. Stepping automaticity was always set to “ProStep,” such that a step was triggered when the opposite limb was sufficiently weight-loaded. In other words, the patient must lean left and forward to signal the exoskeleton to right step, and vice versa. The threshold of loading was adjusted in the system's software to encourage symmetric weight shifting, particularly toward the paretic leg, while avoiding “over-leaning.” Spatiotemporal variables, such as step height and length or swing speed, were adjusted to ensure a comfortable symmetrical gait pattern with progression by increasing, for example, step lengths and speed. The degree of ankle stiffness was lowered if voluntary ankle strength improved. Within these global guidelines, therapists were free to individualize settings to guarantee safety and improve training efficacy according to their expertise.

Each session lasted ~45 min to provide sufficient practice time, in addition to preparation and resting breaks, and was delivered by a single licensed therapist daily, 4 × /week. Practice started with establishing a symmetric stance with equal weight-bearing while wearing the exoskeleton and progressed toward stepping. Eventually, the goal was to achieve per session ~20 min time on task and ~1,000 steps. We did not use aids (e.g., cane) to facilitate a normative walking pattern.



Usual care

UC was not modulated and was provided continuously until discharge. Although UC was not standardized, it typically consisted of daily 60-min sessions of physiotherapy and occupational therapy, 5 × /week, besides nursing care. In general, physiotherapy targeted voluntary movement control and independent transferring or walking following the Bobath concept, and occupational therapy focused on upper limb activities such as dressing or eating. Additional speech or cognitive therapy was provided as needed.




Outcomes
 
Intervention characteristics

The time on task (upright position and stepping) and the steps count were recorded by the robot. Intervention-related adverse events and negative side effects were monitored by the therapist during and after each session.



Clinical outcomes

FM-LE (0–34) was used to measure muscle synergies. FM-LE is a widely used valid and reliable measure of poststroke motor impairment (Gladstone et al., 2002; Sullivan et al., 2011; Van Criekinge et al., 2024). Increasing scores reflect improved dissociation of willed movement from abnormal synergistic co-activation. BBS-stand (0–4) measures the ability to bipedal stand. FAC (0–5) measures the ability to walk without support or supervision. BBS-stand and FAC are ordinal scales and were dichotomized to categorize independence at cut-offs BBS-stand ≥2 and FAC ≥4, respectively.



Biomechanical outcomes

Biomechanics samples were collected at the M2OCEAN laboratory of the UAntwerp, following standardized protocols for measuring quiet standing balance (Schroder et al., 2022, 2023) and walking (Van Criekinge et al., 2017, 2020). Data analysis was performed using custom-written MATLAB (version 2018a) algorithms.

Balance was evaluated during quiet bipedal standing for 40 s while placing one foot each on a force platform (type OR 6–7, AMTI, MA, USA). Data were low-pass filtered (Butterworth 2nd order, cut-off 12.5 Hz). The first 10 s were removed, and three trials were averaged to maximize reliability (Ruhe et al., 2011). The root mean square of the center-of-pressure velocities at the limbs combined was calculated as a measure of anteroposterior (COPvel-ap) and mediolateral (COPvel-ml) postural stability (Roelofs et al., 2018). WBA is calculated as the percentage weight on the less-affected side minus 50%. DCA reflects each limb's balance control contribution as a symmetric index of the individual-limb COPvel-ap (Roelofs et al., 2018). With respect to WBA and DCA, 0% indicates perfect symmetry, and positive values reflect a larger contribution by the less-affected limb. Because COP signals are sensitive to errors when applied forces are low, DCA was set arbitrarily to 160% (i.e., largest asymmetry recorded) if < 20% body weight was recorded on the less-affected limb.

Motion capture (VICON Motion Systems Ltd, Oxford, UK) was used to evaluate step trajectories during barefoot walking at comfortable speeds over a 10-m walkway. Foot markers (heel, ankle, 2nd toe) were labeled and low-pass filtered (Butterworth 2nd order, cut-off 6 Hz). Foot-strike and foot-off events were determined using a coordinate-based algorithm (Zeni et al., 2008) for at least eight strides in the walkway center. We calculated step lengths (i.e., difference in ankle position between foot-strike and foot-off) and walking speed during each stride and averaged the results. Step symmetry was expressed as the ratio of the larger stepping length value in the numerator per recommendation (Patterson et al., 2010). This asymmetry reflects a compensatory reliance on using the less-affected side to generate body propulsion forces (Roelker et al., 2019).




Sample size

Expecting a dropout rate of 25%, we aimed to enroll 40 participants to achieve 15 participants per study arm, as recommended for pilot studies (Whitehead et al., 2016). We scheduled 20 months of recruitment, expecting to recruit two participants/month.



Statistics

Demographic, disease-specific, and intervention descriptors are reported as medians (range Q1–Q3) in case of continuous variables, or as amounts (n) for ordinal and nominal variables. For our analyses, FM-LE, COPvel-ap, COPvel-ml, WBA, DCA, stepping symmetry, and walking speed were treated as continuous variables; BBS-stand and FAC were treated as ordinal scales and descriptively analyzed only.

To test whether FM-LE recovery courses were different between groups, linear mixed models were applied, including fixed effects for GROUP (ERT + UC, DRT + UC), TIME (baseline, week 5, week 8, week 12), and GROUPxTIME interaction, and a subject-specific random intercept. This yielded β-coefficients with their standard error and confidence interval (CI) reflecting a TIME effect within groups and a GROUPxTIME interaction showing differences in FM-LE change between groups during the early period ranging from baseline to week 5 poststroke (i.e., ERT with UC vs. UC), from weeks 5 to 8 poststroke (i.e., sustainability of ERT), and during the delayed period ranging from weeks 8 to 12 poststroke (i.e., DRT with UC vs. UC). The model was tested for normality assumptions using Q-Q plots. Homoskedasticity was checked using a plot of residuals by predicted values.

To deal with the absence of biomechanical data in nonambulatory participants during the first assessment, thereby limiting time course analyses, we analyzed between-group differences in COPvel-ap, COPvel-ml, WBA, DCA, stepping symmetry, and walking speed in a different way. Here, we calculated the mean difference with CI using independent sample Welch's t-tests (assuming unequal variance) cross-sectionally at each time point. T-tests were applied if data from at least 50% of the sample were available.

By lack of established thresholds of clinically meaningful differences, we decided that a 15% difference in outcomes would be required to confirm our hypotheses. It was understood that the trial would not be adequately powered to detect this with statistical significance. Therefore, to protect against premature rejection of a potential benefit, we relied on descriptives and trends by CIs of varying widths per recommendation (Lee et al., 2014). Thus, we not only used the two-tailed traditional α-rate (Type I error, false-positive) of 0.05 but also included results based on a α-rate of 0.15. This resulted in an 85%CI, besides the traditional 95%CI.

All statistical analyses were performed using JMP Pro v16 software (SAS, NC, USA). Because this was a pilot study, the preliminary analyses were restricted to participants who completed the intervention (i.e., on-treatment analyses).




Results


Recruitment

Figure 2 shows the inclusion flow. Between December 2018 and November 2021, ~1,200 patients were screened upon hospital admission. Screening was interrupted from February 2020 to September 2021 because of restricted hospital access due to COVID-19 measures. During the 15 months of actively recruiting, 140 potential candidates were identified, and 26 participants were enrolled (1.73 participants/month). The main exclusion reasons were “too mild impairments” (i.e., NIHSS motor leg item < 1 and/or FAC >3) and “short length of stay” resulting in immediate discharge. The trial was eventually stopped due to expiration of funding.
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FIGURE 2
 CONSORT flow diagram of the inclusion and follow-up. ERT, early robotic training; DRT, delayed robotic training. After screening, 140 potential candidates were identified, of which 26 were enrolled, stratified, and randomly allocated. Eventually, 19 participants successfully underwent the intervention and follow-up measurements and were included in the on-treatment analysis.


Of the 26 enrolled patients, 19 successfully participated (dropout rate 28%) in the ERT (N = 10) or DRT (N = 9) groups. Seven dropouts were registered: two subjects had a second stroke, one subject suffered another sudden-onset disease limiting participation, one subject was unavailable after discharge, one subject was isolated due to an infectious disease, and two subjects discontinued robotic training.

The 19 included participants had a median age of 64 (52–76) years and body weight of 70 (46–84) kg. Nine were female (47%), 16 had an ischemic stroke (84%), and 13 suffered left-sided weakness (68%). Median baseline FM-LE and MI-LE scores were 14 (6.5–21.5) and 37 (27–47), respectively. At baseline, 13 participants had sitting balance (68%) and one participant (5%) could stand independently. According to the EPOS model (see above), 11 participants had a favorable prognosis for walking (58%), and eight had a poor prognosis (42%). The ERT and DRT arms were comparable in these baseline variables (Table 1).


TABLE 1 Baseline characteristics of participants and intervention characteristics.
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Measurements were applied at baseline, which ranged from 7 to 14 days poststroke; at week 5 after completion of ERT, which ranged from 36 to 44 days poststroke; at week 8, ranging from 57 to 63 days poststroke; and at week 12 after completion of DRT, which ranged from 84 to 94 days poststroke. The timings were identical between groups (P > 0.05).



Intervention

Two participants, one in each group, felt too exhausted to train above UC. Among the subjects who completed robotic training, 17 received all 16 sessions, and two received 14 sessions due to scheduling issues. Over the entire 300 robotic sessions, 10 cases (3%) of negative side effects were documented (ERT: N = 6 vs. DRT: N = 4) including minor joint pain and sore muscles, leading to a temporal training intensity reduction. No adverse events were recorded.

The median practice time per session in ERT vs. DRT was 22.7 (19.8–25.6) vs. 20.8 (17.8–23.8) min, and the steps/session were 856 (765–948) vs. 866 (761–971).



Preliminary treatment effects on clinical outcomes

A figure with the mean and individual time courses is provided as Figure 3. Inspection yields parallel recovery courses between groups, yet a tendency toward faster FAC gains during the early period favoring ERT with UC over UC.
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FIGURE 3
 Time course of intralimb muscle synergies (FM-LE), walking independence (FAC), and postural stability (COPvel-ap, COPvel-ml) and interlimb asymmetries (DCA, WBA) during quiet bipedal standing. FM-LE, Fugl-Meyer Lower Extremity motor scores; FAC, functional ambulation category; ERT, early robotic training; DRT, delayed robotic training. The left line graphs display means and their standard deviations as error bars for continuous variables (FM-LE, COPvel-ap, COPvel-ml, DCA, WBA) and median with interquartile range for a nominal variable (FAC) for both ERT participants (N = 10) represented by blue solid lines and DRT participants (N = 9) represented by red dotted lines. The x-axes represent the time poststroke in weeks with fixed time points of assessment at baseline (BL, <14 days poststroke) and weeks 5, 8, and 12 poststroke follow-up. The epoch marked in blue, spanning from BL to week 5, represents the early intervention period (ERT with UC vs. UC). The epoch marked in red, spanning from week 8 to week 12, represents the delayed intervention period (DRT with UC vs. UC). The graphs on the right are similarly designed, but they display individual recovery curves.


Table 2 summarizes TIME and GROUPxTIME effects on FM-LE change. As shown, there was a significant TIME effect during the early period within the ERT and DRT arms at α = 0.05 [β = 5.50, 95% CI (3.12; 7.88) and β = 5.56, 95% CI (3.05; 8.06)]. Change leveled off thereafter. The GROUPxTIME interaction effect was not significant.


TABLE 2 Effects of the TIME and GROUP × TIME interactions on the recovery of intralimb muscle synergies in the most-affected lower limb.
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The distribution of BBS-stand FAC scores is illustrated in Table 3. As shown, the number of subjects achieving FAC ≥4 in the ERT vs. DRT arms was 1 (10%) vs. 0 (0%) at week 5; 5 (50%) vs. 1 (11%) at week 8; and 6 (60%) vs. 5 (56%) at week 12.


TABLE 3 Mean scores and between-group differences in the clinical and biomechanical outcomes of quiet standing balance and walking performance.
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Preliminary treatment effects on biomechanical outcomes

There were missing data from quiet standing measurements at week 5, as two subjects had poor balance, and three had to be excluded because of corrupted datasets. At week 8, one subject declined to participate, and one measurement was lost due to a software error. A single participant could not perform the measurements at weeks 8 and 12 (Figure 2). Hence, eligible balance data in ERT vs. DRT were N = 8 (80%) vs. N = 6 (67%) at week 5; N = 9 (90%) vs. N = 7 (78%) at week 8; and N = 10 (100%) vs. N = 8 (89%) at week 12. As summarized in Table 3, the mean differences in COPvel-ap, COPvel-ml, DCA, and WBA were non-significant at weeks 5, 8, and 12 using either α-rate.

At week 12, 14 participants reached FAC ≥3 whereas four required support to barefoot walk following our protocol. Therefore, 10 participants (53%), five in each group, could be tested at week 12, allowing for a between-group comparison. This resulted in non-significant mean differences in stepping symmetry and walking speed using either α-rate (Table 3).




Discussion

This pilot study showed that patients with severe walking limitations (i.e., FAC < 2) at baseline tolerated overground training with the Ekso GT® in addition to UC for 4 weeks without any adverse events reported. Only two of 21 participants (9.5%) who received such robotic training withdrew because of exhaustion-related complaints.

Comparing both groups, we found a trend toward earlier independent walking, consistent with the general lower limb robotics literature (Schroder et al., 2019; Mehrholz et al., 2020). Five patients (50%) who underwent ERT with UC within the first 5 weeks poststroke achieved independence, or FAC ≥4, by week 8 whereas only one participant in the control group (11%) did. However, regarding our first objective, this potential benefit was not accompanied by greater improvements in FM-LE, and both groups exhibited comparable postural stability (COPvel-ap, COPvel-ml) and a strategy to predominantly maintain balance on the less-affected side (WBA, DCA). Thereafter, DRT with UC shows similarly to be invariant in terms of improving FM-LE scores or any standing balance metric relative to UC alone. During the final assessment, both groups also exhibited a very low self-selected walking speed below the cut-offs of 0.8–0.9 m/s, which are indicative of community-based walking after stroke (Bowden et al., 2008; Fulk et al., 2017). This suggests that the unexpected stepping symmetry reflects a “cautious gait” (Giladi et al., 2005; Herman et al., 2005) rather than the re-emergence of a normal, efficient walking pattern.

To date, the question of when to intervene with stroke rehabilitation therapies has only been specifically addressed by animal models, which suggest a time-sensitive period for intensive motor training in the early poststroke period (Krakauer et al., 2012; Zeiler, 2019). Recently, the CPASS trial has provided some clinical evidence that delivering additional 20 h of arm-hand skill training during the acute and early subacute phases can boost recovery on the Action Research Arm Test, compared with additional training starting >6 months poststroke (Dromerick et al., 2015, 2021). However, the trial lacked measurements adequately reflecting impairment reductions, such as Fugl-Meyer scores or performance assays. This omission is important to address because the applied scale does not provide insight into whether therapy-induced improvements were achieved by behavioral restitution or compensation (Kwakkel et al., 2019; Savitz, 2022). Therefore, to capture interaction effects for restoring quality of movement, we have consciously applied instrumented biomechanical measurements of quiet standing balance and walking, including estimates of interlimb symmetry. However, we must acknowledge that currently validated performance assays reflecting behavioral restitution of the lower limb are lacking, as was established at the third SRRR (Van Criekinge et al., 2024). In this context, we assumed that muscle synergies, as measured with FM-LE, closely associate with “true” motor recovery by reflecting intra-limb coordination and selectively controlling the lower limb voluntarily (Van Criekinge et al., 2024). However, we did not identify any trends supporting our hypothesis that muscle synergies can be corrected through 4 weeks of additional training with an exoskeleton to reduce asymmetries and improve performance of quiet standing and walking tasks. Additionally, the inability to restore synergy-independent movement control appears to be independent of the timing of robotic training, whether it is within (i.e., ERT) or after (i.e., DRT) the critical period of most spontaneous motor recovery.


Perspectives for future robotic rehabilitation research

To our knowledge, four other small-scaled randomized trials investigated the effects of incorporating novel wearable exoskeletons for overground stepping practice (Ekso GT® or HAL®) in primary inpatient rehabilitation < 3 months poststroke, either additional to (Molteni et al., 2021) or embedded in (Wall et al., 2020; Louie et al., 2021; Yokota et al., 2023) UC. Similar to our study, they included nonambulatory patients due to a trend toward greater benefit in this subgroup (Mehrholz et al., 2020). Nevertheless, these trials were not successful in showing superiority over equally-dose conventional therapies on the primary outcomes, being the 6-min walk test (Molteni et al., 2021) and FAC (Wall et al., 2020; Louie et al., 2021; Yokota et al., 2023). Additionally, non-randomized observations in small samples of inpatients who underwent overground exoskeleton training did not show trends toward normalization of EMG muscle coordination patterns (Infarinato et al., 2021) or kinematic gait profile scores (Wall et al., 2023), as other performance assays thought to reflect quality of lower limb movement poststroke (Van Criekinge et al., 2024).

The key question is what and how do patients learn to accomplish clinically meaningful tasks during training with exoskeletons. One concern with current robots, whether stationary (i.e., footplates- or treadmill-based) or mobile (i.e., overground), is that they impose a predetermined stepping trajectory, which limits movement variability and the ability to learn from mistakes as “error signals.” Consequently, patients must adapt to the exoskeleton, hindering the acquisition of necessary compensation strategies. Additionally most robots, such as the Ekso GT®, focus on hip and knee kinematics, potentially disregarding the training of ankle movements that are integral for steady-state balance control (Roelofs et al., 2018) and achieving higher walking speeds (Roelker et al., 2019). The apparent need for compensation to regain safety and independence in activities such as bipedal standing (Laufer et al., 2003; Garland et al., 2007; Roerdink et al., 2009; Schroder et al., 2023) and walking (Kwakkel and Wagenaar, 2002; Buurke et al., 2008; Patterson et al., 2015), raises the key question of whether robots should aim to correct kinematics. Therefore, to gain more insight into what and how patients learn during rehabilitation, future trials should include serially applied kinetics and/or kinematics. Our preliminary findings show that despite improvements in postural stability and FAC, asymmetries persisted (see Figure 3). This is consistent with aforementioned longitudinal studies (Kwakkel and Wagenaar, 2002; Laufer et al., 2003; Garland et al., 2007; Buurke et al., 2008; Roerdink et al., 2009; Patterson et al., 2015; Schroder et al., 2023), as functional improvements seem to be mainly a matter of behavioral compensation, where patients learn to adapt to their existing deficits. This suggests the need for a new generation of ‘assist-as-needed' robotic designs with greater degrees of freedom, enabling patients to gradually learn compensations. Ideally, devices should be applicable in ecologically valid environments to facilitate the transfer of trained skills from the robotic milieu to real-world performance in a patient's home and nearby community.



Limitations

The main limitation was the underpowered, small sample that was unbalanced in FM-LE baseline scores, slightly favoring ERT. We did not reach the desired sample of 15 participants/group as recruitment was hindered during the COVID-19 pandemic and was slower than expected (1.73 vs. 2 subjects/month). However, this agrees with a recruitment analysis of CPASS (Geed et al., 2021) showing a low rate of 1–2 participants/month in an acute hospital setting also applying perfusion therapies. Other limitations include our definition of the sensitive period, which is somewhat arbitrary, not knowing the exact moment to intervene at a patient level. Additionally, we were largely restricted to a standing task for assessing symmetry. Therefore, it is important to validate protocols for collecting gait biomechanics more broadly, e.g., by allowing footwear and orthotics (Patterson et al., 2015) or even light support (Henderson et al., 2022), ideally with portable technology. Our findings should be considered in the context of a specific intervention protocol, which may not generalize to other devices. Likewise, although we were able to deliver 4 weeks of training with 800–900 steps/session, thereby exceeding step counts during conventional therapies (Lang et al., 2009; Rand and Eng, 2012; Kuys et al., 2019), it is unclear whether our results would have differed had the training dose been even increased and prolonged. In that regard, it is important to mention that recent randomized trials illustrate that dosing >2,000 steps/session may be required for improving walking capacity poststroke (Hornby et al., 2016; Klassen et al., 2020; Boyne et al., 2023). We finally acknowledge the limitation of not documenting UC and daily walking performance beyond the protocolized intervention. After all, robotic training could have competed with UC for patients' time and energy, potentially resulting in a leveling-off of the intended treatment contrast in terms of augmented exercise time. To overcome this limitation, future trials may benefit from using daily step count and activity trackers to determine the actual amount of exercise each participant performed.




Conclusion

This pilot study tested the feasibility and preliminary effects of a 4-week overground training program using the Ekso GT® wearable exoskeleton as an adjunct to UC in nonambulatory patients, applied either early (i.e., within 5 weeks) or delayed (i.e., at 8 weeks) after stroke onset. The intervention had a high adherence rate; however, we identified barriers to patient recruitment and biomechanical data collection that may limit a larger phase II trial. Outcomes collected in this small sample do not support such a resource-intensive trial, as we did not find any trend in between-group differences that favored lower limb motor recovery (FM-LE) with additional robotic training to promote symmetry and improve quiet standing and walking performance. Furthermore, our findings suggest that the effectiveness of our intervention was not modulated by an early or delayed timing. With that, the surplus value of therapeutic robots that attempt to restore “normal” movement for stroke rehabilitation has been further questioned (Hornby, 2022; Dobkin and Busza, 2023; Putrino and Krakauer, 2023).



Data availability statement

The raw data supporting the conclusions of this article are available as a supplementary file (see Supplementary material). Further requests to the corresponding author will be considered without undue reservation.



Ethics statement

The studies involving humans were approved by Ethics Committee UZA/UAntwerpen. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

JS: Conceptualization, Data curation, Formal analysis, Funding acquisition, Project administration, Writing – original draft, Writing – review & editing. LY: Conceptualization, Supervision, Writing – review & editing. EE: Data curation, Writing – review & editing. RL-C: Data curation, Writing – review & editing. AH: Methodology, Software, Writing – review & editing. CL: Resources, Writing – review & editing. ST: Conceptualization, Funding acquisition, Supervision, Writing – review & editing. GK: Conceptualization, Supervision, Writing – original draft, Writing – review & editing. WS: Conceptualization, Funding acquisition, Project administration, Supervision, Writing – review & editing, Writing – original draft.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. JS the primary investigator, received a doctoral (PhD) grant from the Research Foundation Flanders (FWO), BE (application no. 1S64819N) to administer this study.



Acknowledgments

We thank all the staff that contributed to this study for their efforts and support. In particular, we wish to acknowledge the contributions of Mark Troch and Jorien Van Doren for providing exoskeletal training at the RevArte rehabilitation hospital.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fstro.2024.1379083/full#supplementary-material



Abbreviations

BBS-stand, standing unsupported item of the Berg Balance Scale; CI, confidence interval; CPASS, Critical Period After Stroke Study; DCA, dynamic control asymmetry; DRT, delayed robotic training; EPOS, Early Prediction of Outcome after Stroke; ERT, early robotic training; FAC, Functional Ambulation Category; FM-LE, Fugl-Meyer Lower Extremity motor score; MI-LE, Motricity Index Lower Extremity score; SRRR, Stroke Recovery and Rehabilitation Roundtable; UC, usual care; WBA, weight-bearing asymmetry.



Footnotes

1 https://strokerecoveryalliance.com/



References

 Bernhardt, J., Hayward, K. S., Kwakkel, G., Ward, N. S., Wolf, S. L., Borschmann, K., et al. (2017). Agreed definitions and a shared vision for new standards in stroke recovery research: the stroke recovery and rehabilitation roundtable taskforce. Neurorehabil. Neural. Repair 31, 793–799. doi: 10.1177/1545968317732668

 Bowden, M. G., Balasubramanian, C. K., Behrman, A. L., and Kautz, S. A. (2008). Validation of a speed-based classification system using quantitative measures of walking performance poststroke. Neurorehabil. Neural Repair. 22, 672–675. doi: 10.1177/1545968308318837

 Boyne, P., Billinger, S. A., Reisman, D. S., Awosika, O. O., Buckley, S., Burson, J., et al. (2023). Optimal intensity and duration of walking rehabilitation in patients with chronic stroke: a randomized clinical trial. JAMA Neurol. 80, 342–351. doi: 10.1001/jamaneurol.2023.0033

 Buurke, J. H., Nene, A. V., Kwakkel, G., Erren-Wolters, V., Ijzerman, M. J., Hermens, H. J., et al. (2008). Recovery of gait after stroke: what changes? Neurorehabil. Neural. Repair 22, 676–683. doi: 10.1177/1545968308317972

 Dobkin, B. H., and Busza, A. (2023). Upper extremity robotic-assisted rehabilitation: results not yet robust. Stroke 54, 1474–1476. doi: 10.1161/STROKEAHA.123.042570

 Dromerick, A. W., Edwardson, M. A., Edwards, D. F., Giannetti, M. L., Barth, J., Brady, K. P., et al. (2015). Critical periods after stroke study: translating animal stroke recovery experiments into a clinical trial. Front. Hum. Neurosci. 9:231. doi: 10.3389/fnhum.2015.00231

 Dromerick, A. W., Geed, S., Barth, J., Brady, K., Giannetti, M. L., Mitchell, A., et al. (2021). Critical Period After Stroke Study (CPASS): a phase II clinical trial testing an optimal time for motor recovery after stroke in humans. Proc. Natl. Acad. Sci. USA. 118:e2026676118. doi: 10.1073/pnas.2026676118

 Duncan, P. W., Goldstein, L. B., Horner, R. D., Landsman, P. B., Samsa, G. P., Matchar, D. B., et al. (1994). Similar motor recovery of upper and lower extremities after stroke. Stroke 25, 1181–1188. doi: 10.1161/01.STR.25.6.1181

 Eldridge, S. M., Chan, C. L., Campbell, M. J., Bond, C. M., Hopewell, S., Thabane, L., et al. (2016). CONSORT 2010 statement: extension to randomised pilot and feasibility trials. BMJ 355:i5239. doi: 10.1136/bmj.i5239

 Fulk, G. D., He, Y., Boyne, P., and Dunning, K. (2017). Predicting home and community walking activity poststroke. Stroke 48, 406–411. doi: 10.1161/STROKEAHA.116.015309

 Garland, S. J., Ivanova, T. D., and Mochizuki, G. (2007). Recovery of standing balance and health-related quality of life after mild or moderately severe stroke. Arch. Phys. Med. Rehabil. 88, 218–227. doi: 10.1016/j.apmr.2006.11.023

 Geed, S., Feit, P., Edwards, D. F., and Dromerick, A. W. (2021). Why are stroke rehabilitation trial recruitment rates in single digits? Front. Neurol. 12:674237. doi: 10.3389/fneur.2021.674237

 Giladi, N., Herman, T., Reider, G., Gurevich, I. I. T., and Hausdorff, J. M. (2005). Clinical characteristics of elderly patients with a cautious gait of unknown origin. J Neurol. 252, 300–306. doi: 10.1007/s00415-005-0641-2

 Gladstone, D. J., Danells, C. J., and Black, S. E. (2002). The fugl-meyer assessment of motor recovery after stroke: a critical review of its measurement properties. Neurorehabil. Neural. Repair 16, 232–240. doi: 10.1177/154596802401105171

 Henderson, C., Virva, R., Lenca, L., Butzer, J. F., Lovell, L., Roth, E., et al. (2022). Gait and balance outcome measures are responsive in severely impaired individuals undergoing inpatient stroke rehabilitation. Arch. Phys. Med. Rehabil. 103, 1210–1212.e1. doi: 10.1016/j.apmr.2022.01.140

 Herman, T., Giladi, N., Gurevich, T., and Hausdorff, J. M. (2005). Gait instability and fractal dynamics of older adults with a “cautious” gait: why do certain older adults walk fearfully? Gait Posture 21, 178–185. doi: 10.1016/j.gaitpost.2004.01.014

 Hidler, J., Wisman, W., and Neckel, N. (2008). Kinematic trajectories while walking within the Lokomat robotic gait-orthosis. Clin. Biomech. 23, 1251–1259. doi: 10.1016/j.clinbiomech.2008.08.004

 Hornby, T. G. (2022). Rethinking the tools in the toolbox. J. Neuroeng. Rehabil. 19:61. doi: 10.1186/s12984-022-01041-3

 Hornby, T. G., Holleran, C. L., Hennessy, P. W., Leddy, A. L., Connolly, M., Camardo, J., et al. (2016). Variable intensive early walking poststroke (VIEWS): a randomized controlled trial. Neurorehabil. Neural. Repair 30, 440–450. doi: 10.1177/1545968315604396

 Infarinato, F., Romano, P., Goffredo, M., Ottaviani, M., Galafate, D., Gison, A., et al. (2021). Functional gait recovery after a combination of conventional therapy and overground robot-assisted gait training is not associated with significant changes in muscle activation pattern: an EMG Preliminary Study on subjects subacute post stroke. Brain Sci. 11:448. doi: 10.3390/brainsci11040448

 Jorgensen, H. S., Nakayama, H., Raaschou, H. O., and Olsen, T. S. (1995). Recovery of walking function in stroke patients: the Copenhagen Stroke Study. Arch. Phys. Med. Rehabil. 76, 27–32. doi: 10.1016/S0003-9993(95)80038-7

 Kennedy, C., Bernhardt, J., Churilov, L., Collier, J. M., Ellery, F., Rethnam, V., et al. (2021). Factors associated with time to independent walking recovery post-stroke. J. Neurol. Neurosurg. Psychiatry 92, 702–708. doi: 10.1136/jnnp-2020-325125

 Klassen, T. D., Dukelow, S. P., Bayley, M. T., Benavente, O., Hill, M. D., Krassioukov, A., et al. (2020). Higher doses improve walking recovery during stroke inpatient rehabilitation. Stroke 51, 2639–2648. doi: 10.1161/STROKEAHA.120.029245

 Krakauer, J. W., Carmichael, S. T., Corbett, D., and Wittenberg, G. F. (2012). Getting neurorehabilitation right: what can be learned from animal models? Neurorehabil. Neural. Repair 26, 923–931. doi: 10.1177/1545968312440745

 Kuys, S. S., Ada, L., Paratz, J., and Brauer, S. G. (2019). Steps, duration and intensity of usual walking practice during subacute rehabilitation after stroke: an observational study. Braz. J. Phys. Ther. 23, 56–61. doi: 10.1016/j.bjpt.2018.06.001

 Kwakkel, G., Kollen, B., and Twisk, J. (2006). Impact of time on improvement of outcome after stroke. Stroke 37, 234823–234853. doi: 10.1161/01.STR.0000238594.91938.1e

 Kwakkel, G., Lannin, N. A., Borschmann, K., English, C., Ali, M., Churilov, L., et al. (2017). Standardized measurement of sensorimotor recovery in stroke trials: consensus-based core recommendations from the Stroke Recovery and Rehabilitation Roundtable. Int. J. Stroke 12, 451–461. doi: 10.1177/1747493017711813

 Kwakkel, G., Van Wegen, E., Burridge, J. H., Winstein, C. J., van Dokkum, L., Alt Murphy, M., et al. (2019). Standardized measurement of quality of upper limb movement after stroke: consensus-based core recommendations from the Second Stroke Recovery and Rehabilitation Roundtable. Int. J. Stroke 14, 783–791. doi: 10.1177/1747493019873519

 Kwakkel, G., and Wagenaar, R. C. (2002). Effect of duration of upper- and lower-extremity rehabilitation sessions and walking speed on recovery of interlimb coordination in hemiplegic gait. Phys Ther. 82, 432–448. doi: 10.1093/ptj/82.5.432

 Lang, C. E., Macdonald, J. R., Reisman, D. S., Boyd, L., Jacobson Kimberley, T., Schindler-Ivens, S. M., et al. (2009). Observation of amounts of movement practice provided during stroke rehabilitation. Arch. Phys. Med. Rehabil. 90, 1692–1698. doi: 10.1016/j.apmr.2009.04.005

 Laufer, Y., Sivan, D., Schwarzmann, R., and Sprecher, E. (2003). Standing balance and functional recovery of patients with right and left hemiparesis in the early stages of rehabilitation. Neurorehabil. Neural. Repair 17, 207–213. doi: 10.1177/0888439003259169

 Lee, E. C., Whitehead, A. L., Jacques, R. M., and Julious, S. A. (2014). The statistical interpretation of pilot trials: should significance thresholds be reconsidered? BMC Med Res Methodol. 14:41. doi: 10.1186/1471-2288-14-41

 Louie, D. R., and Eng, J. J. (2016). Powered robotic exoskeletons in post-stroke rehabilitation of gait: a scoping review. J. Neuroeng. Rehabil. 13:53. doi: 10.1186/s12984-016-0162-5

 Louie, D. R., Mortenson, W. B., Durocher, M., Schneeberg, A., Teasell, R., Yao, J., et al. (2021). Efficacy of an exoskeleton-based physical therapy program for non-ambulatory patients during subacute stroke rehabilitation: a randomized controlled trial. J. Neuroeng. Rehabil. 18:149. doi: 10.1186/s12984-021-00942-z

 Louie, D. R., Mortenson, W. B., Durocher, M., Teasell, R., Yao, J., Eng, J. J., et al. (2020). Exoskeleton for post-stroke recovery of ambulation (ExStRA): study protocol for a mixed-methods study investigating the efficacy and acceptance of an exoskeleton-based physical therapy program during stroke inpatient rehabilitation. BMC Neurol. 20:35. doi: 10.1186/s12883-020-1617-7

 Mehrholz, J., Thomas, S., Kugler, J., Pohl, M., and Elsner, B. (2020). Electromechanical-assisted training for walking after stroke. Cochrane Database Syst. Rev. 10:CD006185. doi: 10.1002/14651858.CD006185.pub5

 Molteni, F., Guanziroli, E., Goffredo, M., Calabro, R. S., Pournajaf, S., Gaffuri, M., et al. (2021). Gait recovery with an overground powered exoskeleton: a randomized controlled trial on subacute stroke subjects. Brain Sci. 11:104. doi: 10.3390/brainsci11010104

 Murphy, T. H., and Corbett, D. (2009). Plasticity during stroke recovery: from synapse to behaviour. Nat. Rev. Neurosci. 10, 861–872. doi: 10.1038/nrn2735

 Nedergard, H., Arumugam, A., Sandlund, M., Brandal, A., and Hager, C. K. (2021). Effect of robotic-assisted gait training on objective biomechanical measures of gait in persons post-stroke: a systematic review and meta-analysis. J. Neuroeng. Rehabil. 18:64. doi: 10.1186/s12984-021-00857-9

 Patterson, K. K., Gage, W. H., Brooks, D., Black, S. E., and McIlroy, W. E. (2010). Evaluation of gait symmetry after stroke: a comparison of current methods and recommendations for standardization. Gait Posture 31, 241–246. doi: 10.1016/j.gaitpost.2009.10.014

 Patterson, K. K., Mansfield, A., Biasin, L., Brunton, K., Inness, E. L., McIlroy, W. E., et al. (2015). Longitudinal changes in poststroke spatiotemporal gait asymmetry over inpatient rehabilitation. Neurorehabil. Neural. Repair 29, 153–162. doi: 10.1177/1545968314533614

 Putrino, D., and Krakauer, J. W. (2023). Neurotechnology's prospects for bringing about meaningful reductions in neurological impairment. Neurorehabil. Neural. Repair 37, 356–366. doi: 10.1177/15459683221137341

 Rand, D., and Eng, J. J. (2012). Disparity between functional recovery and daily use of the upper and lower extremities during subacute stroke rehabilitation. Neurorehabil. Neural. Repair 26, 76–84. doi: 10.1177/1545968311408918

 Roelker, S. A., Bowden, M. G., Kautz, S. A., and Neptune, R. R. (2019). Paretic propulsion as a measure of walking performance and functional motor recovery post-stroke: a review. Gait Posture 68, 6–14. doi: 10.1016/j.gaitpost.2018.10.027

 Roelofs, J. M. B., van Heugten, K., de Kam, D., Weerdesteyn, V., and Geurts, A. C. H. (2018). Relationships between affected-leg motor impairment, postural asymmetry, and impaired body sway control after unilateral supratentorial stroke. Neurorehabil. Neural. Repair 32, 953–960. doi: 10.1177/1545968318804405

 Roerdink, M., Geurts, A. C., de Haart, M., and Beek, P. J. (2009). On the relative contribution of the paretic leg to the control of posture after stroke. Neurorehabil. Neural. Repair 23, 267–274. doi: 10.1177/1545968308323928

 Ruhe, A., Fejer, R., and Walker, B. (2011). Center of pressure excursion as a measure of balance performance in patients with non-specific low back pain compared to healthy controls: a systematic review of the literature. Eur Spine J. 20, 358–368. doi: 10.1007/s00586-010-1543-2

 Saeys, W., Vereeck, L., Truijen, S., Lafosse, C., Wuyts, F. P., Heyning, P. V., et al. (2012). Randomized controlled trial of truncal exercises early after stroke to improve balance and mobility. Neurorehabil. Neural. Repair 26, 231–238. doi: 10.1177/1545968311416822

 Savitz, S. I. (2022). Is there a time-sensitive window in patients with stroke to enhance arm recovery with higher intensity motor therapy? Stroke 53, 1823–1825. doi: 10.1161/STROKEAHA.121.037402

 Schroder, J., Saeys, W., Embrechts, E., Hallemans, A., Yperzeele, L., Truijen, S., et al. (2023). Recovery of quiet standing balance and lower limb motor impairment early poststroke: how are they related? Neurorehabil. Neural. Repair 37, 530–544. doi: 10.1177/15459683231186983

 Schroder, J., Saeys, W., Yperzeele, L., Kwakkel, G., and Truijen, S. (2022). Time course and mechanisms underlying standing balance recovery early after stroke: design of a prospective cohort study with repeated measurements. Front Neurol. 13:781416. doi: 10.3389/fneur.2022.781416

 Schroder, J., Truijen, S., Van Criekinge, T., and Saeys, W. (2019). Feasibility and effectiveness of repetitive gait training early after stroke: a systematic review and meta-analysis. Rehabil. Med. 51, 78–88. doi: 10.2340/16501977-2505

 Sullivan, K. J., Tilson, J. K., Cen, S. Y., Rose, D. K., Hershberg, J., Correa, A., et al. (2011). Fugl-Meyer assessment of sensorimotor function after stroke: standardized training procedure for clinical practice and clinical trials. Stroke 42, 427–432. doi: 10.1161/STROKEAHA.110.592766

 Van Criekinge, T., Hallemans, A., Herssens, N., Lafosse, C., Claes, D., De Hertogh, W., et al. (2020). SWEAT2 study: effectiveness of trunk training on gait and trunk kinematics after stroke: a randomized controlled trial. Phys Ther. 100, 1568–1581. doi: 10.1093/ptj/pzaa110

 Van Criekinge, T., Heremans, C., Burridge, J., Deutsch, J. E., Hammerbeck, U., Hollands, K., et al. (2024). Standardized measurement of balance and mobility post-stroke: consensus-based core recommendations from the third Stroke Recovery and Rehabilitation Roundtable. Int. J. Stroke. 19, 158–168. doi: 10.1177/17474930231205207

 Van Criekinge, T., Saeys, W., Hallemans, A., Vereeck, L., De Hertogh, W., Van de Walle, P., et al. (2017). Effectiveness of additional trunk exercises on gait performance: study protocol for a randomized controlled trial. Trials 18:249. doi: 10.1186/s13063-017-1989-1

 van Kammen, K., Boonstra, A. M., van der Woude, L. H. V., Reinders-Messelink, H. A., and den Otter, R. (2017). Differences in muscle activity and temporal step parameters between Lokomat guided walking and treadmill walking in post-stroke hemiparetic patients and healthy walkers. J. Neuroeng. Rehabil. 14:32. doi: 10.1186/s12984-017-0244-z

 Veerbeek, J. M., Pohl, J., Luft, A. R., and Held, J. P. O. (2022). External validation and extension of the Early Prediction of Functional Outcome after Stroke (EPOS) prediction model for upper limb outcome 3 months after stroke. PLoS ONE 17:e0272777. doi: 10.1371/journal.pone.0272777

 Veerbeek, J. M., van Wegen, E., van Peppen, R., van der Wees, P. J., Hendriks, E., Rietberg, M., et al. (2014). What is the evidence for physical therapy poststroke? A systematic review and meta-analysis. PLoS ONE 9:e87987. doi: 10.1371/journal.pone.0087987

 Veerbeek, J. M., Van Wegen, E. E., Harmeling-Van der Wel, B. C., Kwakkel, G., and Investigators, E. (2011). Is accurate prediction of gait in nonambulatory stroke patients possible within 72 hours poststroke? The EPOS study. Neurorehabil. Neural. Repair 25, 268–274. doi: 10.1177/1545968310384271

 Wall, A., Borg, J., Vreede, K., and Palmcrantz, S. A. (2020). randomized controlled study incorporating an electromechanical gait machine, the Hybrid Assistive Limb, in gait training of patients with severe limitations in walking in the subacute phase after stroke. PLoS ONE 15:e0229707. doi: 10.1371/journal.pone.0229707

 Wall, A., Palmcrantz, S., Borg, J., and Gutierrez-Farewik, E. M. (2023). Gait pattern after electromechanically-assisted gait training with the Hybrid Assistive Limb and conventional gait training in sub-acute stroke rehabilitation-a subsample from a randomized controlled trial. Front Neurol. 14:1244287. doi: 10.3389/fneur.2023.1244287

 Whitehead, A. L., Julious, S. A., Cooper, C. L., and Campbell, M. J. (2016). Estimating the sample size for a pilot randomised trial to minimise the overall trial sample size for the external pilot and main trial for a continuous outcome variable. Stat. Methods Med. Res. 25, 1057–1073. doi: 10.1177/0962280215588241

 Yokota, C., Tanaka, K., Omae, K., Kamada, M., Nishikawa, H., Koga, M., et al. (2023). Effect of cyborg-type robot Hybrid Assistive Limb on patients with severe walking disability in acute stroke: a randomized controlled study. J Stroke Cerebrovasc Dis. 32:107020. doi: 10.1016/j.jstrokecerebrovasdis.2023.107020

 Zeiler, S. R. (2019). Should we care about early post-stroke rehabilitation? not yet, but soon. Curr. Neurol. Neurosci. Rep. 19:13. doi: 10.1007/s11910-019-0927-x

 Zeni, J. A. Jr., Richards, J. G., and Higginson, J. S. (2008). Two simple methods for determining gait events during treadmill and overground walking using kinematic data. Gait Posture 27, 710–714. doi: 10.1016/j.gaitpost.2007.07.007

Copyright
 © 2024 Schröder, Yperzeele, Embrechts, Loureiro-Chaves, Hallemans, Lafosse, Truijen, Kwakkel and Saeys. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fstro-03-1379083-t002.jpg
Early period: baseline to week 5 Week 5 to week 8 Delayed period: week 8 to week 12

TIME TIME GROUP x TIME TIME TIME GROUP x TIME TIME TIME

GROUP x TIME
((=39D)] DRT) (difference) (ERT) (5129))] (difference) (ERT) (DRT) (difference)
EM-LE (0-34) B (SE) 5.50* (1.86) 5.56* (1.25) ~0.06 (1.72) 2.00% (1.19) | 2.44% (1.25) —0.44 (1.72) 1.50 (1.86) 133 (1.25) 017 (1.72)
95% CI 3.12;7.88 3.05;8.06 —3.51;340 —0.38;4.38 —0.06;4.95 —3.90;3.01 —0.88;3.88 —118;3.84 —329,3.63
85% CI 3.77;7.23 3.73;7.38 —2.57;246 0.27;3.73 0.62;4.27 —2.96;2.07 —023;3.23 —0.493.16 —235,2.68
ERT, early robotic training study arm; DRT, delayed robotic training study arm; EM-LE, Fugl-Meyer Lower Extremity motor scores.

Estimated regression coefficients (B), standard error (SE), and confidence interval (CI) at certainty levels of 95% and 85% are shown. TIME effects represent EM-LE change within ERT (N = 10) and DRT (N = 9) study arms. A GROUP x TIME interaction represents

between group differences in EM-LE change. Marked B-coefficients reflect a statistically significant effect with *a-rate = 0.05 and *o-rate = 0.15. Cls in bold do not include zero, the value expected under the null hypothesis.





OPS/images/fstro-03-1379083-t003.jpg
Baseline Week 5 Week 12

ERT DRT ERT (D) Difference Difference DRT Difference
(95%Cl) (85%Cl) (95%Cl) (85%Cl) (95%Cl) (85%Cl)
Task: quiet standing
BBS-stand 0 () 9 8 0 1 0 0 0 0
BBS-stand 1 (n) 0 1 1 1 0 0 0 0
BBS-stand 2 () 1 0 1 0 2 2 1 1
BBS-stand 3 (1) 0 0 2 3 2 2 3 0
BBS-stand 4 (n) 0 0 6 4 6 5 6 8
BBS-stand > 2 (n) 1 0 9 2 10 9 10 9
Instrumented measurement 1 0 8 6 9 7 10 8
available (n)
COPvel-ap (mm/s?) 23.50 21.28 (6.08) 2.27 (=5.11;9.56) 19.87 (8.87) 20.08 (6.56) —0.21 (—8.86; 8.45) 19.07 (6.64) 16.81 (6.76) 2.26 (—4.69%9.21)
(5.81) (—2.92;7.37) (—6.33;5.92) (=2.69;7.21)
COPvel-ml (mm/s?) 1839 | 1837 (8.56) 0.02 (—9.29;9.34) 15.45 (6.26) 17.57 (10.53) —2.12(-12.3% 8.11) 15.51 (7.64) 15.67 (9.48) —0.16 (~9.22; 8.90)
(5.48) (—6.42;6.47) (=9.25;5.02) (—6.58;6.27)
DCA (%) 57.75 | 76.60 (66.68) —18.84 (—98.56; 60.87) 64.96 (44.60) 68.28 (35.99) —3.32 (—48.33; 41.70) 69.84 (50.27) 66.63 (58.06) 3.20 (—53.63; 60.04)
(62.19 (~74.74; 37.06) (—35.19; 28.55) (—37.16; 43.57)
WBA (%pt) 1003 | 14.52(837) —4.49 (~17.50; 8.53) 1224 (11.94) 10.02 (5.89) 221(-8.35; 12.78) 1045 (10.08) 12.39 (7.20) —1.95 (~19.96;7.07)
(12.63; (—13.62; 4.64) (—5.20;9.26) (—8.36; 4.46)
Task: walking
FAC O (n) 9 7 1 2 0 0 0 0
FAC 1 (n) 1 2 3 3 3 3 2 1
FAC2 (n) 0 0 2 3 2 2 1 1
FAC 3 (n) 0 0 3 1 0 3 1 2
FAC 4 (n) 0 0 1 0 3 1 1 3
FAC'5 (n) 0 0 0 0 2 0 5 2
FAC >4 (n) 0 0 1 0 5 1 6 5
Instrumented measurement 0 0 1 1 4 3 5 5
available (n)
Walking speed (m/s) 074 (0.32) 0.56 (0.26) 0.17 (~0.25; 0.60)
(—0.12;0.47)
Stepping symmetry (ratio) 1.065 (0.052) | 1.050 (0.053) 0.015 (—0.062; 0.092)
(—0.038; 0.069)

ERT, early robotic training study arm; DRT, delayed robotic training study arm; SD, standard deviation; CI, confidence interval; BBS-stand, standing unsupported item of the Berg Balance Scale; COPvel-ap, net COP sway velocity in the anteroposterior direction;
COPvel-ml, net COP sway velocity in the mediolateral direction; DCA, dynamic control asymmetry; WBA, weight-bearing asymmetry; FAC, functional ambulation category; D, standard deviation.

BBS-stand and FAC are ordinal scales, and the distribution of scores is shown as counts (n) for inspection. The number of available biomechanical measurements is shown similarly as counts (n). Subsequently, biomechanical outcomes are represented as means (SD)
for the ERT (N = 10) and DRT (N = 9) groups separately, and mean differences between groups with Cls at certainty levels of both 95% (a-rate = 0.05) and 85% (a-rate = 0.15).
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Demographics and stroke information

Age (years) 60.0 (53.0-82.3) 69.0 (48.5-76.0) 0.987
Sex (female/male)* 4/6 5/4 0.66
Body weight (kg) 66.9 (48.4-80.2) 70.7 (63.15-80.15) 035
Paretic body side (left/right)* 6/4 712 0.63
Stroke type (ischemic/hemorrhage)* 91 712 0.58

Care characteristics

Length of stay in inpatient rehabilitation (weeks) 15.0 (14.0-23.5) 19.0 (15.5-25.5) 0.62
Discharge destination after rehabilitation (home/nursing facility or other 6/4 8/1 0.29
hospital)*

Clinical characteristics

EM-LE (0-34) 15.0 (8.5-20.5) 110 (6.0-19.5) 056
MI-LE (0-99) 42,0 (23.0-53.0) 33.0 (23.0-55.5) 074
FAC 0 (n)* 9 7 NA
FAC1 (n)* il 2 NA
TCT-sit: able to sit for 30 5? (yes/no)* 6/4 72 0.63
BBS-stand: able to stand 30 s? (yes/no)* 1/9 079 1

Prognosis of walking ability (favorable/poor)* 6/4 5/4 1

Intervention characteristics

Number of training sessions (1) 16 (15-16) 16 (16-16) 0.21
Time spent practicing posture and gait per session (min) 22.7 (19.8-25.5) 20.8 (24.4-18.5) 0.37
Practice steps taken per session (1) 856 (735-918) 866 (697-908) 0.97

ERT, early robotic training study arm; DRT, delayed robotic training study arm; EM-LE, Fugl-Meyer Lower Extremity motor scores; MI-LE, Motricity Index Lower Extremity score; FAC,
Functional Ambulation Category; TCT-sit, Trunk Control Test—sitting item; BBS-stand, Berg Balance Scale—unsupported standing item, NA, not applicable as data is only displayed
for inspection.

Values are presented as medians (range Q1-Q3) in case of continuous variables or counts in case of nominal variables (marked with *). Acknowledging the limited sample size, non-parametric
tests were used to compare the groups and P-values were derived from Wilcoxon rank sum tests or Fisher’s exact tests (*).
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