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Stroke survivors show greater postural oscillations and altered muscular activation compared to healthy controls. This results in difficulties in walking and standing, and in an increased risk of falls. A proper control of the trunk is related to a stable walk and to a lower falling risk; to this extent, rehabilitative protocols are currently working on core stability. The main objective of this work was to evaluate the effectiveness of trunk and balance training performed with a new robotic device designed for evaluation and training of balance and core stability, in improving the recovery of chronic stroke patients compared with a traditional physical therapy program. Thirty chronic stroke patients, randomly divided in two groups, either underwent a traditional rehabilitative protocol, or a robot-based program. Each patient was assessed before and after the rehabilitation and at 3-months follow-up with clinical and robot-based evaluation exercises focused on static and dynamic balance and trunk control. Results from clinical scores showed an improvement in both groups in balance and trunk control. Robot-based indices analysis indicated that the experimental group showed greater improvements in proprioceptive control, reactive balance and postural control in unstable conditions, compared to the control group, showing an improved trunk control with reduced compensatory strategies at the end of the training. Moreover, the experimental group had an increased retention of the benefits obtained with training at 3 months follow up. These results support the idea that such robotic device is a promising tool for stroke rehabilitation.
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INTRODUCTION

Stroke is a cerebrovascular disease affecting fifteen million people every year (1, 2). Among them, nearly 50% of the patients experiences long term disability and postural deficits caused by an asymmetric posture and difficulties in transferring load to the lower limbs (1). Additionally, stroke survivors show greater postural oscillations (3) and altered muscular activation (4) compared to healthy controls. For these reasons, they may have difficulties executing complex tasks and exhibit an increased risk of falling due to difficulties in walking and standing (5). In particular, the risk of falling increases toward the paretic side causing a limitation in functional abilities (6, 7). Chronic stroke patients typically experience improvements in mobility (8–10) and functional balance (11), but it is unclear whether this is related to specific exercise programs (12).

According to Shumway-Cook and Woollacott, balance can be subdivided into three components: static/dynamic steady state (i.e., maintaining a steady position in sitting, standing and walking), proactive (i.e., anticipation of a predicted disturbance), and reactive (i.e., compensation of a disturbance) balance (13). Since these components are equally important for balance management, it is crucial that balance treatments focus on all these components (14, 15).

Balance and walking impairments in stroke survivors can be caused by insufficient strength in trunk muscles (16–22). Indeed, sitting ability and trunk control are useful prognostic indicators of outcomes after stroke (23).

Sitting balance in stroke survivors is characterized by a poor antigravity response and a posterior-version of the pelvis (24). This results in a decreased displacement of the Center of Pressure (CoP) during trunk movements, with a greater involvement of the upper part of the trunk and a reduced anterior tilt of the pelvis, with generation of compensatory strategies.

Position sense is a component of proprioception and an essential element of postural control (25, 26). Stroke survivors present an impaired trunk position sense that may cause trunk instability (25); for this reason, training postural proprioception could be a potential intervention strategy for improving balance.

Core stability has been defined as the ability to stabilize the spine as a result of local muscle activity (27). The “core muscles” include many muscles supporting the lumbo-pelvic-hip complex. Thus, “core stability training” works on the activation of deep trunk muscles through selective pelvis movement and abdominal contractions (28, 29). In the last years, the concept of “core” and the need to retrain “core stability” have been a focus in low back pain rehabilitation and sports (30). Recently, several studies investigated the effect of a core stability training in stroke rehabilitation (28, 31).

There is strong evidence showing that trunk control and core stability training are able to improve sitting, standing balance, mobility, trunk control and neuromuscular integration (32–34), having positive effects on daily life activities (28, 31, 35).

Thus, rehabilitative protocols are currently working on core stability through abdominal, pelvic and lumbar muscles reinforcement (25).

Different factors can affect neuroplasticity and learning in stroke survivors. Therapy needs to be intensive, active and challenging for optimal recovery (36). In other words, the difficulty of each exercise should be adapted to patient's impairment, making sure all the patients perform challenging exercises that can enhance short and long term neuronal changes (37).

In this context, robotic systems for rehabilitation can be promising tools to personalize rehabilitative programs for stroke patients, providing intense and repeatable activities, measuring a subject's performance and giving the possibility to set exercise difficulty according to their residual abilities (36). In the present study, we used a robotic device designed for training and evaluation of core stability and balance. Such device allows the implementation of different dynamic environments that stimulate postural responses.

The main objective of this work was to evaluate the effectiveness of a robot-based trunk and balance training in improving the recovery in chronic stroke patients compared to a traditional physical therapy program. Both programs were focused on static and dynamic postural stability exercises in sitting and standing positions (38–45), postural symmetry in sitting and standing tasks (46, 47), and anticipatory postural adjustments training (48–51). Our hypothesis was that, by providing an intense, personalized and more challenging training, the robot-aided therapy could lead to better outcomes in balance and trunk control.



MATERIALS AND METHODS


Subjects

Thirty patients matching the following inclusion criteria were enrolled in the study (Table 1):

• Age between 18 and 75 years;

• Unilateral stroke detected by magnetic resonance;

• Chronic stroke (more than 6 months after the disease onset);

• Berg Balance Scale (52) (BBS) ≥41/56;

• Ability to walk for at least ten meters;

• Intact cognitive status [Mini-mental State Examination (MMSE (53) >26/30 (54, 55) or Token Test (56) >26 (57) for patients with aphasia].


Table 1. Subjects data.
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In addition, subjects with visual, vestibular, orthopedic or other neurological diseases were excluded from the study.

Since this is the first explorative study investigating the use of this type of robotic device in a population of stroke survivors, we restricted the inclusion criteria and decided to consider only high functioning chronic stroke survivors, who can be more stable. This choice was made to have sufficient statistical power to document significant difference in a heterogeneous population; further, it ensured that improvements were due to the specific treatment and did not depend on spontaneous recovery.

Participants were enrolled among the outpatient population of Recovery and Functional Re-education Unit of the Santa Corona Hospital (Pietra Ligure, Savona, Italy). The regional ethical committee approved this study (CER Liguria register number: 340REG2015) and subjects gave informed consent conforming to the ethical standards of the 1964 Declaration of Helsinki.



Experimental Protocol

After recruitment, subjects were randomly assigned to two groups: the experimental group (N = 15, age mean 58.53 ± 1.87 SE years, 9 females, 8 left side affected) which underwent a robot-based rehabilitative protocol and the control group (N = 15, age mean 63.46 ± 2.51 SE years, 5 females, 6 left side affected) which performed traditional rehabilitative sessions with physical therapists. Each patient was assessed before (T0) and after (T1) the rehabilitative treatment and at 3-months follow-up (T2).

After the first evaluation (T0), subjects started the rehabilitative program which lasted 5 weeks with three 45-min sessions per week (see the timeline of the experimental procedure in Figure 1A).
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FIGURE 1. (A) Timeline of the experimental procedure. W, week of training; S, training session; T, time of evaluation; T0, before training; T1, after training; T2, 3 months after the end of the training. Each evaluation included clinical assessment and robot-based assessment. Experiment started with the first evaluation (T0), followed by 5 weeks of traditional (control) or robot-based (experimental) rehabilitation. Each week consisted of three sessions of exercises among three categories (steady state, proactive balance or reactive balance). Phase 1 (S1–S5) included steady state and proactive balance exercises; Phase 2 (S6–S10) included steady state, proactive and reactive balance exercises; Phase 3 (S11–S15) included proactive and reactive balance exercises. After training subjects were tested at the end of the program (T1) and at 3 months follow up (T2). (B) Summary of training activities on hunova for the experimental group. Each phase was characterized by different types of exercises that were presented with increasing difficulty. Auditory and visual feedbacks about the accuracy of the performance were continuously provided during the execution of the exercises. Gray-black blocks, different training phases; green blocks, steady state activities; orange blocks, proactive balance activities; red blocks, reactive balance activities.




Robotic Device

hunova (Movendo Technology srl, Genoa, IT) (58, 59) is a medical robotic device for the functional sensory-motor evaluation and rehabilitation of different body districts (from lower limbs to trunk) and functional abilities (balance and core stability) (Figure 2A). The device consists of two servo-controlled platforms having two degrees of freedom each one; one platform is positioned under the feet and the other is placed under the seat. This configuration allows to use the device both in standing—with double legs stance load, asymmetric double stance leg load or one leg stance load—and sitting positions (see Table S1 and Figure 1B for more details about configurations and patient's position on the device).


[image: Figure 2]
FIGURE 2. (A) Prototype of hunova: top view of the platform and seat. The screen was used in both the standing and sitting trials to give visual feedback of the subject's performance. References axis for the feet platform (in red) and seat platform (light blue) are represented. x indicates mediolateral direction, y indicates anteroposterior direction, z indicates vertical direction. (B) Reference system and platform inclinations in different directions (forward, backward, leftward, and rightward).


A six axis force-torque sensor is positioned under each platform, to measure the interaction forces and torques between the subject and the platforms, while optical incremental encoders measure the inclination of the platforms on the two axis (y axis—anteroposterior direction and x axis—medio lateral direction, see Figure 2A).

The robotic device is associated with a wireless inertial sensor (Inertial Movement Unit—IMU) placed on the patient's trunk, at the level of the sternum, allowing recording of the subject's trunk movements. The sensor includes an accelerometer, a gyroscope and a magnetometer. Thus, it measures the rotations along the x-axes (Roll) and y-axes (Pitch) and evaluates the movements of the patient's trunk in the frontal and sagittal plane, as well as movement accelerations. The platforms can be static or can operate in “passive” and “active” modes. In the passive mode, the movement of the platform does not depend on the subject, but the system controls speed and interaction (force and torque), according to a pre-programmed rotation imposed by the device motors. In the active mode, the subject controls the movement of the platform/seat with feet/pelvis movements, respectively, while the platform/seat exerts a certain resistance proportional to the subject's movement. Different kind of resistances, each one requiring different effort by the subject, can be set:

- “elastic” resistance, which simulates an elastic dynamic (i.e., an elastic rotatory force filed that tend to restore the platform position parallel to the floor with a force that is proportional to the platform displacement);

- “viscous” resistance, which simulates the dynamic of a fluid (the interaction force is proportional to the displacement velocity);

- no resistance or “proprioceptive” mode, in which the platforms are completely free, and do not exert any type of resistance.

Various configurations (subject seated or standing) targeting different body regions (from lower limbs to trunk), allow for a large amount of exercises to be performed. In addition, the possibility to use the platforms in passive or active mode covers different exercises performed in clinical practice, such as balance (covering different components), core stability, trunk control, strengthening, limits of stability, sit to stand. In each exercise, different parameters can be set to modify the exercise difficulty depending on a patient's needs. The most relevant parameters are: the range of motion of the platform namely the degrees that the platform can reach in each direction (forward, backward, left, and right), the velocity of platform movements (when the platforms are in passive mode), the level of instability of the platform (when the platforms are in active mode with elastic or viscous dynamic resistance). All the parameters that can be changed in each exercise are reported in Table S1.

Graphic applications match the proposed exercises, promoting the patient's interaction with the device and motivating them to complete the task. The graphic applications are processed in the remote desktop.



Training

Subjects were randomized in two groups: the control group underwent a traditional rehabilitative program with physical therapists using common rehabilitation instruments, while the experimental group performed robot-assisted rehabilitative exercises, with the constant supervision of a physical therapist.

For both groups, the treatment consisted of 15 sessions of training (three times per week, see Figure 1A), each one lasting 45 min in each session, all the activities were performed, according to phases program (Figure 1): each activity had a maximum duration of 3 min, then 30 s of resting were included after each activity. Each session was personalized according to the clinical and functional characteristics of the patient: exercise parameters were set in line with each subject's impairment and their performance during training, in order to match their specific needs and to provide a training proportional to their capabilities, but also sufficiently challenging (i.e., neither too easy nor too difficult).

Training was focused on three components of balance: steady state, proactive balance, reactive balance (13). For each of these components, focused activities were performed for both groups. In detail, steady state activities were focused on posture maintenance in sitting or standing position with static or unstable platform and seat. Proactive balance activities included: upper limbs motor tasks while maintaining balance on a static or unstable platform/seat; execution of task in asymmetric two legs or one leg load; head and trunk rotations; reaching movements and limits of stability. Reactive balance activities included postural adaptation following perturbation exercises, and upper limb tasks with an unstable seat/platform.

In order to ensure, from a functional point of view, training equivalence between the two groups, exercises were matched, i.e., the two protocols, traditional and experimental, were equally demanding in terms of duration and functional abilities addressed with training. Exercises executed on the robotic device included a graphic interface with visual and audio feedback of the subjects performance during the task (load on the platform/seat, angular displacement of the platform/seat, trunk position in sagittal and frontal plane). In addition, exercise difficulties were set depending on appropriate challenge level to avoid boredom or frustration. These aspects allowed the training to be intense, personalized and challenging. Details on how exercises were performed and their feedback in both groups are reported in Table S1.

Training was composed of three phases of five sessions (see Figure 1A) including exercises with different functional goals and level of difficulty. Phase 1 focused on steady state and proactive balance exercises. Phase 2 combined steady state, proactive and reactive balance activities. Phase 3 consisted of proactive and reactive balance activities. This treatment design was conceived to have a progression to more challenging activities over the course of training (60). A summary of the training protocol performed on the robotic device is reported in Figure 1B.



Assessment

Participants of both groups were evaluated at T0, T1, and T2 with clinical and robot-based assessments.


Clinical Evaluation

An expert clinician blind to the experiment evaluated the subjects with the following tests:

• Berg Balance Scale [(52), BBS], to assess static and proactive balance through fourteen items. Each item corresponds to a specific activity with different levels of difficulty. The score for each item ranges from zero to four and the maximum score is 56;

• Trunk Impairment Scale [(61), TIS] to estimate the trunk motor impairment. The scale ranges from 0 to 23 and assesses static and dynamic postural control, as well as trunk coordination. Both the total score and the three sub-scores (static sitting balance, dynamic sitting balance, coordination) were considered in the analysis;

• Mini-BESTest [(62), MBT]. This test evaluates dynamic balance with fourteen items divided into four sub-sections: anticipatory postural adjustments; reactive postural control; sensory orientation; dynamic gait. Score for each item is between 0 and 2, for a total score of 28. Both the total score and the four sub-scores were considered in the analysis.



Robot-Based Evaluation

All participants were assessed with five different tests on the device.

To evaluate subjects' postural responses in different conditions, the balance performance was tested with static or dynamic tests:

• Static balance test. In this test participants stood on the platform and had to keep still and maintain their balance for 30 s, both with eyes open and with eyes closed. In this test a subject's static stability, i.e., the ability to maintain the position of the center of mass in unsupported stand when the base of support does not change, was tested. Also, with the closed eyes condition, we tested the proprioceptive and vestibular components in maintaining balance by evaluating the subjects balance performance without the support of the vision.

For this exercise we derived sway area (95% confidence ellipse of the statokinesigram, [cm2]), sway path (length of the oscillation path, [cm]) and anteroposterior (AP) and mediolateral (ML) oscillation ranges of CoP expressed in [cm] (63, 64). To evaluate trunk stability we evaluated AP and ML trunk oscillations, i.e., trunk tilt in the sagittal and frontal plane [expressed in [deg], (65)] and we considered their sum to evaluate the total trunk displacement; we also computed the trunk acceleration variability, measured as the standard deviation of trunk acceleration [[deg/s2], (66)].

• Dynamic balance test on unstable platform. Each subject stood on the robotic platform with a low instability level. The aim of the test was to evaluate the capability of the subject to maintain balance in a dynamic situation: the platform is unstable and can move following subject's instability and oscillations, i.e., platform angular displacement is sway-referenced (67). Indeed, in this configuration, the platform angular displacement was induced by the Center of Pressure (CoP) displacement. For this exercise we analyzed the same metrics as for the static balance task, by considering the projection on a plane of the angular displacement of the platform, proportional to patient instability and oscillations: sway area (95% confidence ellipse of the statokinesigram, [cm2]), sway path (length of the oscillation path, [cm]) and the anteroposterior (AP) and mediolateral (ML) oscillation ranges were calculated ([cm]). As for the static balance test, to evaluate trunk stability during the test we evaluated the trunk total movement ([deg])—computed as the sum of AP and ML trunk oscillations ([deg]) and trunk acceleration variability ([deg/s2]).

• Reactive balance test. The subjects stood on the platform, and their capability to maintain balance in response to different perturbations was tested. The platform presented consecutively different levels of inclinations (2–4–6–8°) in one of the four cardinal directions (forward, backward, left, right, see Figure 2B). For each direction, the maximum inclination of the platform that the subjects were able to hold were determined by the therapist looking at the capability of the subjects to maintain balance with a certain degree of inclination. The exercise included a familiarization phase where the subjects standing on the platform experienced an example of how the platform could move during the actual test.

Maximum degrees of platform inclination maintained in each direction were evaluated. Also, for each direction we measured trunk oscillations in order to evaluate the quantity of trunk movements required for subjects to maintain balance: AP and ML oscillation ranges ([deg]) were computed looking at the maximum and minimum degrees of pitch and roll angles, respectively, considering the time from the start of the perturbation up to 5 s.

For each direction, these parameters were estimated and compared between T0 and T1 or T2 only when subjects improved or remained stable in the maximum degree reached. In order to compare trunk oscillations related to the same amount of perturbation, i.e., the same degree of platform inclination, we considered for different evaluation sessions only trials with the same base inclination, which correspond to the maximum platform inclination reached at T0.

• Proprioceptive control test (reaching task). This test was performed both in standing and in seated position. In this test subjects had to actively move the platform/seat (in standing/seated position) with feet/pelvis, respectively, while keeping the torso upright, in order to reach targets in different directions, visualized on the screen, by using their proprioceptive and vestibular control.

This exercise assessed the ability and precision of the subject to perform selective movements with feet/pelvis to reach targets appearing randomly on the screen for 5 min.

In particular, with this test performed in seated position, we aimed to provide a quantitative measure of the ability of the subject to stabilize the lower trunk while performing movements with the pelvis without upper trunk compensation.

In order to assess participants' performance, we analyzed the number of reached targets, as well as changes in trunk oscillations defined as: ML, AP ranges ([deg]) and variability of the acceleration (standard deviation of trunk acceleration ([deg/s2]). In order to evaluate the compensatory movement of the trunk to move the platform/seat, we also computed ML and AP oscillation rate defined as the trunk oscillatory ranges normalized by the range of movement of the platform/seat in the standing/sitting trial, respectively. This ratio provided a measure of how much the patient compensated the lower limb or pelvis movement, respectively in standing or sitting positions, with the trunk. Since the request was to perform selective movements of feet or pelvis while keeping the torso upright, we expected to have good performance when this ratio was lower than 1.

Indeed, values bigger than 1 indicated that ML or AP oscillations of the trunk were bigger than the respective indicators of the base or the seat, suggesting a compensatory strategy of the subject.

• Sit to stand. This exercise aimed at measuring the time required to reach a standing position starting from a sitting position. Subjects had to repeat the exercise three times. For this exercise, we measured: the mean duration of the three repetitions necessary to reach standing and sitting positions and the mean time to complete a sit to stand and stand to sit movement; mediolateral and anteroposterior trunk oscillations ([deg]) to evaluate control strategy during the task. These indices are computed as the maximum trunk ranges (averaged in the three repetitions) in the two planes for each movement (standing, sitting, standing and sitting together).

Patient satisfaction about rehabilitation training was measured with a visual analog scale (VAS) with a score from 0 (=no satisfaction) to 10 (=totally satisfied) at T1 evaluation session, at the end training.




Statistical Analysis

The Mann–Whitney U test and a Fisher exact test were used to test the homogeneity of the groups at baseline.

Since neither clinical nor robot-based indices satisfied the normality condition (Kolmogorov-Smirnov tested), we performed non-parametric tests.

To analyze group differences, a Mann-Whitney U test was used to determine between-group differences. In detail, we compared the percentage of improvement of the two groups at T1 and T2, computed, respectively as (T1-T0)/T0*100 for T1 and (T2-T0)/T0*100 for T2.

To test changes in time, a Wilkoxon signed rank test was used to determine within group differences between pre- and post-training tests (T0 vs. T1 and T0 vs. T2) in each group separately. Significance level was adjusted using the Benjamini–Hochberg procedure (68) to account for multiple testing and control the false discovery rate. Consequently, the significant value was set for each parameter applying the ranking procedure. Significant results after correction are presented with a * next to the p-value.

All the statistical analyses have been implemented in MATLAB 2017b (MathWorks, Natick, MA, USA).




RESULTS

There were no significant differences between groups regarding demographic data, side of hemiparesis, stroke etiology, or outcome measures at T0 (see Table 1).

Dropout rate and reasons were similar for the two groups: a total of three subjects (1 from the experimental and 2 from the control group) dropped out of the study due to a change in their clinical/functional conditions [two subjects dropped out after the T0 evaluation, while one subject, part of the control group, did not complete the follow-up assessment (T2)]; therefore, 27 out of 30 subjects performed the whole experiment.


Clinical Scales

Clinical indices revealed a general improvement after both the rehabilitative treatments.

Specifically, there was a significant increase after the training in both groups for the MBT (see Figure 3A and Table 2); however, only the experimental group maintained such increased at follow up (E: T0-T1: p < 0.001* and T0-T2: p = 0.016*; C: T0-T1: p = 0.004* and T0-T2: p = 0.19). In particular, the improvement in the total MBT score at T1 for the experimental group was mainly due to the combination of increase in the following sub-scores: reactive postural control (p = 0.047) anticipatory (p = 0.031), dynamic gait (p = 0.03) sub-scores. These parameters reached a quasi-significant level after the Benjamini & Hochberg correction. Instead, the control group significantly increased only the reactive postural control sub-score of the scale (p = 0.002*; Table 2).
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FIGURE 3. Clinical scales scores for control (black line) and experimental (gray line) groups. (A) Mini-BESTest; (B) Berg Balance Scale; (C) Trunk Impairment Scale. Error bars indicate Standard Error; * indicate a p-value between 0.01 and 0.05, while ** indicate p < 0.01.



Table 2. Mean values and statistics for BBS, TIS, and MBT and their sub-scores.
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Moreover, the experimental group showed a statistical improvement in the BBS scale that was maintained at follow up (Figure 3B and Table 2, E: T0-T1: p = 0.003*, T0-T2: p = 0.001*; C: T0-T1: p = 0.07; T0-T2: p = 0.231).

For the experimental group, the TIS improved after the rehabilitation and the effect was maintained at the 3 months follow-up (Figure 3C and Table 2, E: T0-T1: p = 0.008*, T0-T2: p = 0.045*). The control group significantly improved trunk control but this increased ability wasn't maintained at T2 (Figure 3C and Table 2, C T0-T1: p = 0.006*, T0-T2: p = 0.414).

Improvement in Trunk Impairment Scale was mainly due for both groups to an improvement in Dynamic sitting balance sub-score that only the experimental group maintained at follow up (E: T0-T1: p = 0.035*, T0-T2: p = 0.016*; C: T0-T1: p = 0.004*; T0-T2: p = 0.266, Table 2).

The Mann Whitney test did not reveal any group difference for all the clinical scales and their sub-scores.

Individual subjects' improvements are reported in Table S2.



Instrumented Evaluation
 
Balance Evaluation
 
Dynamic balance on unstable platform

During this task, subjects had to maintain balance while standing on an unstable platform.

We found group differences in favour of the experimental group both in platform and trunk control parameters (Figure 4A).


[image: Figure 4]
FIGURE 4. Dynamic balance test on unstable platform. (A) Rate of improvement T0-T1; E, experimental group; C, control group. a: sway area; b: sway path; c: trunk total angular displacement; d: standard deviation of the trunk acceleration. Error bars indicate standard error; * indicates a p-value between 0.01 and 0.05, while ** indicates p < 0.01. (B) Example of platform (rows 1, 3) and trunk (rows 2, 4) angular displacement raw data for two subjects, one from the experimental (gray line) and one from the control (black line) group at T0, T1, T2.


Specifically, the experimental group showed at T1 improvement in sway area (between-group difference p < 0.001; T0-T1 E: p < 0.001*), trunk total movement (between group difference p < 0.001; T0-T1 E: p = 0.002*) and variability (between-group difference p = 0.004; T0-T1 E: p = 0.006*). Also, these improvements were maintained at T2 (T0-T2 E: sway area p < 0.001*; trunk total movement p = 0.002*; trunk variability p = 0.024*).

No differences were found between the two groups in sway pathlength; however, only the control group showed a significant decrease of this parameter that was maintained at follow up (C: T0-T1: p = 0.01*; T0-T2: p < 0.001*). All data are reported on Table 3.


Table 3. Parameters and statistics results for the dynamic balance test on unstable platform.
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Figure 4B report the behavior of two representative subjects, one for each group.



Reactive balance

During this exercise participants had to maintain balance on a progressively inclined platform. Most of the subjects were able to manage the maximum degrees of inclination already at T0 [forward: 18 (E:8; C:10); backward: 15 (E:7; C:8); affected side: 19 (E:9; C:10); not-affected side: 17 (E:10; C:7)] and maintained their performance at T1. Some subjects improved their performance at T1 with respect to T0 [forward: 5 (E:4; C:1); backward: 7 (E:5; C:2); affected side: 5 (E:3; C:2); not-affected side: 7 (E:2; C:5)]. Only a few subjects did not improve or decrease their performance (details are reported in Table S3).

Looking at trunk control parameters, we found a significant group difference for the mediolateral oscillation range for perturbations provided in the not affected side direction (between groups difference p = 0.01, Figure 5). Specifically, the control group increased its range of oscillation, while the experimental subjects decreased it (E: T0-T1 −1.75 ± 0.14 SE [deg] p = 0.003*). This improvement was maintained at T2 (E: T0-T2 −1.9 ± 0.16 [deg] p = 0.007*). No difference between groups was found for trunk oscillations in the sagittal plane and for other directions of perturbations. To be noticed, only the experimental group significantly improved in the mediolateral range of oscillation when the perturbation was provided in the affected side (E: T0-T1 −0.80 ± 0.09 SE [deg] p = 0.01*).


[image: Figure 5]
FIGURE 5. Rate of improvement T0-T1 for the reactive balance test. Each bar plot represents the percentage change of the mediolateral (ML) or anteroposterior (AP) trunk oscillatory range when the platform is inclined in the forward (A), backward (D), affected (C), and non-affected (B) side of the body, for the control (black) and experimental (gray) groups. Error-bars indicate standard error, * highlight a significant difference between groups p < 0.05.




Static balance

This exercise did not show any difference between control and experimental patients in both the eyes open and closed trials.




Proprioceptive Control (Reaching Task)

The proprioceptive test consisted in a reaching task where subjects were asked to reach the maximum number of targets, by mobilizing the seat or the base, in a 5-min period.

Figure 6A shows the number of reached targets for all subjects, with each individual number of targets reached at T1 being plotted against the same parameter at T0. All data points of the experimental group (gray dots) are distributed in the upper part of the graph, above the line of equality, indicating that after the treatment these subjects improved their performance, reaching more targets. As regards the control group, only four subjects out of 13 (30%) increased the number of reached targets; the rest of them (ten subjects, 70%) are on the line of equality or under it, indicating no improvement or a worsening in the execution of the task.


[image: Figure 6]
FIGURE 6. Reaching task results. (A–C) Number of targets reached at T0 and T1 for each subject in the standing (A) or sitting (C) trial. Different colors represent different groups: gray indicates a subject of the experimental group while black represents a subject of the control group. The dashed line represents the line of equality, where the number of targets reached before (T0) and after the treatment (T1) was identical. A data point located above the equality line (in the upper left side of the graph), indicates that a subject reached a bigger number of targets at the end of the treatment T1 than at T0, thus indicating an improvement in movement control. The opposite would hold for a point under the equality line (in the lower right side of the graph). (B–D) Improvement at T1 with respect to T0 in the number of reached targets in a 5-min period computed as T1-T0/T0, respectively in the standing (B) or sitting (D) trial. Error bars indicate Standard Errors; * indicate p < 0.05.


As suggested by visual inspection, we found a significant between-group difference at T1 in the performance of the two groups (p = 0.03, Figure 6B and Table 4), due to a significant improvement in the experimental group that reached more target at T1 (improvement T0-T1, E: p < 0.001*, Table 4) with respect to the control group. This improvement was maintained at T2 (improvement T0-T2, E: p = 0.010*, Table 4).


Table 4. Parameters and statistics results for the proprioceptive control test.
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Looking at trunk control during the task, we found a significant difference in trunk variability between the two groups (p = 0.005, Figure 7C), with a significant decrease of trunk movements during the task only for the experimental group at T1 (T0-T1, E: p = 0.002*, Table 4) and T2 (T0-T2, E: p = 0.003*, Table 4). There were no differences between groups in the other parameters (see Figures 7A,B); however, only the experimental group showed a T1 decrease of the trunk oscillation range in the frontal plane (T0-T1, E: p = 0.008*, Table 4).


[image: Figure 7]
FIGURE 7. Rate of improvement T0-T1 for the proprioceptive control test. Trunk oscillation changes during the reaching task in standing (first row) and sitting (second row) position are represented. E, experimental group; C, control group. (A–D) Anteroposterior (AP) oscillatory range of the trunk; (B–E): mediolateral (ML) oscillatory range of the trunk; (C–F): standard deviation of the trunk acceleration. Error bars indicate standard error; * indicate a p-value between 0.01 and 0.05, while ** indicate p < 0.01.


As for the sitting test, almost all the subjects of the two groups improved the number of targets reached. In Figure 6C, 26 data points out of 27 are located above the line of equality, suggesting a general improvement in the execution of the task. More in detail, the gray data points that represent experimental group were located in the upper part of the graph, highlighting a greater improvement. Indeed, we found a between group difference in task performance at T1 (p = 0.01, Figure 6D and Table 4) due to a greater improvement in the experimental group compared to the control group (improvement T0-T1, E: p < 0.001*; C: p = 0.008*, Table 4); both groups maintained the improvement at T2 (improvement T0-T2, E: p < 0.001*; C: p = 0.002*, Table 4).

Experimental group also improved in normalized trunk range of oscillation in the anteroposterior direction (between group difference p = 0.039, Figure 7D; improvement T0-T1, E: p = 0.003*). The decreased trunk oscillation in sagittal direction during the sitting reaching task was maintained at T2 (between group difference p = 0.021, improvement T0-T2, E: p = 0.003*).

Moreover, the control group increased significantly the normalized trunk oscillation range in the mediolateral direction (between group difference p = 0.008*, Figure 7F, T0-T1 C: p = 0.001*). A significant between group difference was found in trunk variability at T1 (p = 0.02, Figure 7F), but without significant changes in time for both groups.

All data are reported in Table 4.



Sit to Stand Evaluation

At T0, nine subjects (five subjects from the experimental group and four from the control group) were not able to complete the task. However, at T1 three of them, part of the experimental group, succeeded in completing the task.

Performance in the task was compared between the two groups considering only participants who performed the sit to stand both at T0 and T1.

We did not find any group difference, even though the experimental group showed a statistically significant improvement in the mean sit to stand time (improvement T0-T1, E: −2.99 ± 0.30 SE [s], p = 0.031*; C: −1.35 ± 0.16 SE [s], p = 0.039) that was preserved after 3 months (T0-T2, E: −1.97 ± 0.22 SE [s], p = 0.031*, C: −0.76 ± 0.19 SE [s], p = 0.130).




Patients Satisfaction

At the end of the treatment both groups showed a good satisfaction about the rehabilitative training performed. Satisfaction score for the experimental group was greater, despite the group difference not reaching statistical significance (mean VAS at T1, E: 9.57 ± 0.20 SE; C: 8.92 ± 0.30 SE).




DISCUSSION

Stroke survivors typically present balance and core stability impairments.

Rehabilitative interventions usually include exercises focused on trunk control and balance, functional activities that are directly correlated with gait recovery and rehabilitation.

Even if several studies report improvements after balance training in stroke survivors (69), there is still poor evidence supporting the effectiveness of a specific training (12). Repetitive task training, virtual reality and training with unstable support surface have been reported to positively affect balance in stroke patients.

In this context, robotic devices are novel and powerful instruments for stroke rehabilitation, due to their adaptability to a patient's impairment, repeatability and training intensity. Moreover, robotic devices can provide biofeedback on subject's performance.

In this study, we evaluated the effect of core stability and balance rehabilitative training on quantitatively assessed balance and trunk stability, performed with a novel robotic device compared to a traditional treatment. Both treatments (robotic and control) were focused on steady state, proactive and reactive components of balance, working on balance and trunk control.

Our results show that both rehabilitative programs were effective in improving balance and trunk stability for chronic stroke patients, as suggested by the improvements of functional clinical scales at the end of the treatment. However, instrumented evaluation highlighted a greater improvement in the experimental group in the dynamic balance (balance on unstable and perturbating platform) and proprioceptive tasks, with an improved trunk control and reduced compensatory strategies.

Moreover, the experimental group showed a better retention of the improvements at 3 months follow up.


Balance and Trunk Stability Training Is Effective in Chronic Stroke Patients

The performed training led to improvements for both groups on trunk control and balance. Specifically, experimental and control groups showed greater MBT scores after treatment.

The mean improvement in the MBT for the experimental group was 2.71 (23.65% from baseline), close to the Minimal Detectable Change (MDC) for stroke subjects [three points (70)], while it was lower for the control group (+1.69, 10.40% from baseline). Moreover, only the experimental group maintained this improvement at 3 months follow up.

Looking at individual improvements, a total of nine subjects showed an improvement >2.8 (10% of the total score); five of them were from the experimental group and showed a medium-low baseline score (lower than 11) except for one subject that had a baseline score of 17. Subjects with a score higher than 17 presented a null or very small (=1) T1 improvement.

Interestingly, while for the experimental group the MBT improvement was mainly due to the combination of increase in the reactive postural control, dynamic gait and anticipatory sub-scores, for the control group this improvement was due to a significant improvement in the reactive postural control sub-score. These results highlight how the training was in general more effective in improving dynamic balance components rather than static ones. This was further supported by the lack of static balance improvements in both groups. Intriguingly, only the experimental group showed improvements in the anticipatory and dynamic gait sub-scores of MBT.

As for the BBS scale, we did not find significant differences in the behavior of the two groups; however, only the experimental group showed a significant improvement, maintained at follow up, in this scale. In detail, the BBS score increase for the experimental group was about 2.71 points (5.89% from the baseline evaluation, vs. the 2.37% of the control group). Even if such improvement did not reach the MDC threshold [5 points, 10% (71)], it was in line with other studies investigating the effects of treatment on balance (evaluated with BBS) in chronic stroke survivors (72). Indeed, BBS tends to have greater responsiveness to changes earlier after stroke (73), showing significant ceiling effects for patients with mild stroke impairments with the possibility to miss significant gains in balance that are critically important for quality of life and community reintegration (74). Also, it is important to consider that the mean value of the score at baseline was already high for both groups (48.14 ± 0.27 SE for the experimental and 49.30 ± 0.39 SE for the control group); nevertheless both groups exceeded the threshold of 49 that is indicated as fall risk threshold (75) for stroke survivors: only 12 subjects (eight from the experimental group) out of 27 had a score lower than 49 at baseline, 8 (seven from the experimental group) improved the score and 4 (all from the experimental group) exceeded the threshold of 49 after the training.

Looking at individual values, only five subjects had an improvement >5.6 (10% of the total score); three of them were part of the experimental group and presented a score lower than 48 at baseline. Indeed, for the experimental group subjects with baseline scores superior or equal to 48 (n = 7) had a null or small improvement.

In our study both groups improved in the TIS score. The mean improvement for the total score was for both groups close to two points, the 10% of the maximum score. In total 11 subjects had an improvement >2.3 (10% of the total score), six were from the experimental group and showed a baseline score lower than 14. TIS scale increases were mainly due to better dynamic sitting balance sub-score; this was in accordance with a previous study (76) that found an improved dynamic sitting balance after a training focused on core stability. A group of studies already reported that unstable conditions are effective in stroke rehabilitation, especially in sitting balance (77). As such, unstable surface has been reported to increase trunk flexibility, muscular activity, strength, dynamic balance, endurance and proprioception (78, 79). Both treatments were effective in improving trunk control but only the experimental group maintained such improvement at follow up, suggesting that the robotic training led to a greater retention.

The enhanced balance and trunk control led to improvements in postural transitions, as measured by the sit to stand test performed with the robotic device: all subjects decreased the time to stand, a parameter that strongly correlates with gait performance (80). It is worth noting that, after training, some subjects of the experimental group that were not able to perform the task at the beginning of the training, succeeded in performing the task.

Even if several studies show improvement in chronic stroke survivors after balance or core stability training (28, 33), our study adds some knowledge in the field. We already know that robot-based systems can provide interactive and personalized programs maximizing the impact of rehabilitation through highly repetitive and quantifiable exercises (36, 81, 82), but to the best of our knowledge the device used in this study is the first robotic device focused on balance, core stability and trunk control rehabilitation. Our results show how this system is completely feasible in rehabilitation of chronic stroke survivors; moreover, the robot assisted rehabilitation program was at least comparable with the one performed by the control group, addressing all the components of steady state, proactive and reactive balance.

Interestingly, only the experimental group maintained the training-related improvement achieved at 3 months follow-up. A possible explanation is that the robotic aided therapy, provided more intense, challenging, personalized and, as a consequence, more engaging training, inducing to a greater retention.



Robotic Treatment Increases Trunk Stability While Decreasing Compensatory Strategies

One of our initial hypotheses was that, with the robotic training, subjects could improve trunk control. During the robot-assisted activities, a continuous visual and audio feedback about trunk control and compensation during balance or core stability tasks was given.

After training, the experimental group showed greater improvements in the proprioceptive-reaching test in the seated and standing position. In particular, subjects belonging to the experimental condition reached a higher number of targets controlling platform or seat with pelvis or lower limbs; moreover, they showed a better control of the upper body, as they compensated less with the trunk. This means that subjects learned to perform the task with a better and more efficient control strategy.

In seated position, subjects could reach more targets showing an increased pelvis range of movement. This was in line with Haruyama et al. (28) who found an increased pelvis range of motion after a training focused on core stability with selective pelvic exercises. Moreover, subjects reduced the compensatory movements of the trunk.

Stroke survivors often compensate postural and motor deficits exploiting the redundancy of the motor system, i.e., developing “compensatory strategies” that may involve trunk movements and posture (83, 84); these new motor patterns often represent in chronic stroke survivors a well-established behavior, strengthened with time (83). True recovery is defined as the restoration of functions and abilities as they were before injury. This definition is in contrast with the concept of compensation occurring when alternative brain areas are activated in the execution of a task, producing movements performed in a new way and with different parts of the body compared to before injury (84). In terms of performance and functional level, true recovery means to (i) restore the same physical abilities that were present before the acute event (i.e., correct joint coordination and muscle activations) and (ii) complete a task in the same functional manner as an unimpaired person.

Even though trunk stability can be improved with different type of exercises, it is still not clear whether patients uses compensatory strategies or whether the motor function is properly recovered (84). A recent review on upper-limb robotic systems reported that such devices can enhance true recovery rather than compensation (81).

Due to poor core stability, pelvis movements were associated with trunk compensatory strategies (24). After the robotic treatment, we found that the experimental group was able to decrease these strategies by disassociating pelvis movements and upper trunk stabilization, improving joint and body regions coordination during the task.



Robotic Treatment Improves Dynamic Balance

After training, the group trained with the robotic device showed a better balance control in the dynamic condition while standing on the unstable platform; subjects were able to better control the platform's oscillation while reducing trunk movements with respect to the control group. Previous studies showed how core stabilization exercises can improve dynamic balance in stroke subjects (28, 33, 35). Core training possibly improved the balance of the lumbo-pelvic-hip complex, correcting postural alignment, and increasing balance of the whole body.

Moreover, in the reactive balance test the experimental group presented an enhanced control strategy after treatment. When the perturbation was provided on the unaffected side, subjects of the experimental group were able to react to perturbation with less movements of the trunk. Indeed, our data showed a significant group difference in the mediolateral oscillation range for perturbations provided in the direction of the unaffected side. Also, the experimental group decreased mediolateral oscillations of the trunk when the perturbation was provided in the direction of the affected side. These results show that by the exposure to robotic perturbations, participants in the experimental group were able to find and learn a more efficient strategy to control their posture after a sudden perturbation compared to the control group. Our results are in line with an RCT in chronic stroke patients (72) showing significant improvements in reactive subscale of the MBT in the group that received a perturbation-based balance training.

Results of the clinical scales did not detect group differences, despite robot-based tests investigating dynamic balance suggest a better improvement of the experimental group, compared to the controls.

A possible explanation of this divergence could be that clinical scales are not always able to detect compensatory strategies (85). Both groups improved in the reactive balance score of the MBT, and this was in line with fact that they showed similar capability of managing different degrees of platform inclination in the reactive balance test on the robotic device. However, when we looked at the reaction strategy, i.e., the trunk oscillations following perturbation, we found a different behavior comparing the two groups. Moreover, we have to notice that, even if we did not find significant between-group differences in these tests, only the experimental group reached significant improvements after treatment in BBS, and MBT dynamic gait and anticipatory scores.



Conclusions

We believe this is the first study assessing the role of a robot-based rehabilitative device in improving balance and trunk stability of stroke patients.

Our findings support the introduction of balance and core stability training to improve trunk and mobility dysfunctions in chronic stroke patients.

Balance and trunk stability training based on a robotic graded protocol is beneficial to trunk control, as well as to dynamic reactive balance measures leading to a better retention of the improvements at 3 months follow up. To this extent, we can expect that a balance and trunk stability training in subacute stroke patients, who are in the process of neurological recovery and present less consolidate compensatory strategies, could bring greater functional recovery.



Limitation of the Study

This study reports a preliminary experience of core stability and balance training performed with hunova in chronic stroke survivors. In order to confirm these preliminary results, the sample size should be increased. Since it was not feasible to perform a large study with a heterogeneous population, we chose a narrow inclusion criteria for a homogenous group of only chronic high functioning stroke survivors.

Moreover, the improvements we reported were assessed through instrumented evaluations and clinical scales (i.e., BBS and TIS and MBT). The introduction of outcomes, such as walking speed or distance would have provided additional information about the impact of the observed improvements on relevant activities of daily life.

Thus, for a generalization of the obtained results, the study should be repeated in a larger sample of patients using additional more functional and participation outcomes.

Lastly, in this study we compared one group which performed activities with the physical therapist with a group performing the same activities with a robotic device. Specifically, the activities performed by the two groups were matched from a functional point of view. This could be a limitation as it does not completely reflect the clinical practice, reducing the potential of the robot-based training.
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