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Repetitive focal muscle vibration (rMV) is known to promote neural plasticity and long-lasting motor recovery in chronic stroke patients. Those structural and functional changes within the motor network underlying motor recovery occur in the very first hours after stroke. Nonetheless, to our knowledge, no rMV-based studies have been carried out in acute stroke patients so far, and the clinical benefit of rMV in this phase of stroke is yet to be determined. The aim of this randomized double-blind sham-controlled study is to investigate the short-term effect of rMV on motor recovery in acute stroke patients. Out of 22 acute stroke patients, 10 were treated with the rMV (vibration group–VG), while 12 underwent the sham treatment (control group–CG). Both treatments were carried out for 3 consecutive days, starting within 72 h of stroke onset; each daily session consisted of three 10-min treatments (for each treated limb), interspersed with a 1-min interval. rMV was delivered using a specific device (Cro®System, NEMOCO srl, Italy). The transducer was applied perpendicular to the target muscle's belly, near its distal tendon insertion, generating a 0.2–0.5 mm peak-to-peak sinusoidal displacement at a frequency of 100 Hz. All participants also underwent a daily standard rehabilitation program. The study protocol underwent local ethics committee approval (ClinicalTrial.gov NCT03697525) and written informed consent was obtained from all of the participants. With regard to the different pre-treatment clinical statuses, VG patients showed significant clinical improvement with respect to CG-treated patients among the NIHSS (p < 0.001), Fugl-Meyer (p = 0.001), and Motricity Index (p < 0.001) scores. In addition, when the upper and lower limb scales scores were compared between the two groups, VG patients were found to have a better clinical improvement at all the clinical end points. This study provides the first evidence that rMV is able to improve the motor outcome in a cohort of acute stroke patients, regardless of the pretreatment clinical status. Being a safe and well-tolerated intervention, which is easy to perform at the bedside, rMV may represent a valid complementary non-pharmacological therapy to promote motor recovery in acute stroke patients.
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INTRODUCTION

Stroke is the leading cause of long-term disability (1), mostly because of incomplete functional recovery post-stroke with more than half of stroke survivors aged 65 and over exhibiting reduced mobility (2).

Furthermore, it remains unclear which is the most effective training protocol for rehabilitation of a paretic limb, as do the factors underlying recovery of motor function. A growing body of evidence from neuroimaging (3) and neurophysiological studies (4) indicate that a focal brain lesion resulting from stroke may trigger structural and functional changes in perilesional and remote brain regions. In fact, a stroke lesion can directly damage the motor pathways as well as alter the balance of excitatory and inhibitory influences within the motor network, both in the affected and unaffected hemisphere. Therefore, a modulation of this network, by acting on brain plasticity and network relearning, may be crucial for the recovery of motor function after stroke.

From this point of view, one of the most effective modulators of cortical motor and somatosensory structures is repeated sensory input (5). Muscle vibration is a strong proprioceptive stimulus, which, at low amplitudes, preferentially produces Ia fiber afferent input and reaches both the SI and M1 directly. The specific pattern of direct connections linking SI and M1 cortices may provide the anatomical substrate for the role muscle vibration plays in reorganizing the motor and somatosensory cortices (6–9).

In particular, a repetitive focal muscle vibration (rMV) at a fixed low frequency of 100 Hz rMV, applied during a voluntary contraction, may induce both prolonged changes in the excitatory/inhibitory state of the primary motor cortex in healthy subjects (10), and long-term changes of motor performance in patients as well (11).

A recent study using transcranial magnetic stimulation showed that rMV therapy, combined with physiotherapy, helped to reduce abnormalities of both the corticospinal excitability and the intracortical inhibitory systems in the damaged hemisphere of chronic stroke patients (12). Interestingly, the clinical and neurophysiological changes lasted for at least 2 weeks after the end of rMV treatment and were related to a decrease in spasticity and increase in motor function. In chronic stroke patients, two different studies demonstrated that rMV treatment may improve the functional ability of the upper (13) and lower limb (14).

The structural and functional changes within the motor network that underlie motor recovery occur in the immediate few hours after stroke; thus, it seems to be crucial to understand if it is possible to act on them during the acute phase of stroke, in order to improve stroke rehabilitation. Very few studies have been carried out on acute stroke patients so far, and none of those used rMV in the acute stage of stroke.

The aim of the present randomized double-blind sham-controlled study is to investigate the effects of rMV on motor recovery in acute stroke patients.



MATERIALS AND METHODS


Subjects

We prospectively examined consecutive patients admitted to our Stroke Unit for ischemic or hemorrhagic stroke within 72 h from symptom onset. Inclusion criteria were: age>18, first ever stroke detected by Magnetic Resonance Imaging (MRI) or Computer Tomography (CT) scan, motor deficit of the upper and/or lower limb; ability to perform at least a minimal isometric voluntary contraction of the affected limb. We excluded patients with TIA, or rapidly improving stroke, cerebral venous thrombosis or presenting with aphasia, neglect, or apraxia. Those patients who were on drugs active at the central nervous system level at the time of the recruitment have been excluded as well.

The study protocol underwent local ethics committee approval (“Policlinico Umberto I of Rome” Ethics committee); the clinical trial was registered in the ClinicalTrial.gov database (NCT03697525). Written informed consent was obtained from all of the participants. The study was conducted in conformity with the ethical standard, according to the Declaration of Helsinki.



Experimental Design

This is a prospective randomized double-blind sham-controlled study. After enrollment (T-0), patients were randomly placed into the vibration group (VG) or the control group (CG), by using a computer-generated randomization list. VG patients received rMV treatment while those of CG received the sham one. Both treatments were carried out during the 1st, 2nd, and 3rd day after enrollment. Physio kinesitherapy (PT) was carried out in all patients every day, starting soon after T-0 clinical evaluation. Patients were re-evaluated after 4 ± 1 days (T-1), at the end of treatment (see Figure 1 for the study flow chart).
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FIGURE 1. Study flow chart.





Clinical Evaluation

Upon admission, all participants' demographic details and medical history were recorded. All patients underwent a clinical examination, performed at all time-points by an experienced investigator, blinded to the group assignment and different from the recruiting one. Clinical evaluation consisted of stroke severity evaluation, by means of NIH Stroke Scale (15); motor and functional limbs abilities were evaluated by using both the Fugl-Meyer scale (16–18), and the Motricity Index (19); spasticity was assessed with Ashworth scale, modified by Bohannon and Smith (20).



Physiotherapy (PT)

All participants underwent a 1-h daily rehabilitation session (for each treated limb), which included passive/active movements, mobilization, and proprioceptive neuromuscular facilitation of the affected limb.

Before treatment, the physical therapist was instructed about duration, frequency, and content of therapy in order to ensure uniformity in treatment procedures and blinded to patients' treatment allocation.



Repetitive Focal Muscle Vibration (rMV)

rMV was delivered using a specific device that consisted of an electromechanical transducer, a mechanical support, and an electronic control device (Cro®System, NEMOCO srl, Italy). A mechanical arm permitted the transducer to be placed on the treatment site and to deliver the vibration at bedside, with patients placed supine; the support was rigidly anchored to the floor to guarantee good mechanical contact with tissue.

The transducer was applied perpendicular to the target muscle's belly (flexor carpi radialis and the biceps brachii for the upper limb, and/or over the rectus femoris for the lower limb treatment), near its distal tendon insertion. It generated a sinusoidal displacement of 0.2–0.5 mm (peak to peak); this parameter were used since small vibration amplitudes are effective for stimulating Ia afferents and for avoiding tonic vibration reflex as well (21, 22). Considering that Ia afferents can fire synchronously with vibration frequencies up to 80–120 Hz (23, 24), vibration characteristics were set to 100 Hz.

The rMV treatment was delivered for 3 consecutive days by two trained physiatrists; each daily session consisted of three 10-min vibration treatment (for each treated limb), separated with a 1-min interval. Otherwise, sham rMV was carried by positioning the vibrator close to the tendon but without touching the skin. In this condition, patients were only subject to the faint buzzing sound of the vibrator (13). In those patients who had a motor deficit of both the upper and the lower limb, the interventions (i.e., rMV and sham) were applied separately and in succession (1-min interval) to both limbs.

To increase response to vibration, during both the treatments (i.e., rMV and sham), patients were required to make a mild voluntary contraction (22, 25) of the treated muscle. On the other hand, during the intervals, patients were asked to relax the muscle.



Statistical Analysis

We assessed the normality of the distributions with the Shapiro-Wilk Normality Test. According to the result of normality analysis, Student's T-test for paired samples or Wilcoxon test for paired samples were used to analyze clinical and neuroradiological difference between the two groups (i.e., VG e CG).

To investigate differences over time (from T-0 to T-1) between the two groups concerning clinical end-points (i.e. NIHSS, Fugl-Meyer, Motricity Index, and Ashworth scales score), we adopted two different analyses: the analysis of variance (ANOVA) allowed to compare the two groups in terms of clinical improvement expressed as difference between T-1 and T-0 scales score (ΔT-1-T-0). Moreover, by means of the analysis of variance for repeated measures (ANOVA-RM) with Tukey post-hoc analysis, we also analyzed clinical improvement expressed as over time repeated measures.

The P-value level of significance throughout the statistical analysis was set at 0.05, considering Bonferroni correction. Statistical analysis was conducted with the SPSS software package for Windows, release 22.0.




RESULTS

We recruited 22 patients (14 males, mean age 67 ± 13 years) in the acute phase of stroke (mean time from stroke: 43.9 ± 18.9 h). All patients were right-handed. None of them were treated with mechanical thrombectomy nor received any thrombolytic treatment. Twelve patients were treated with antiplatelet agents. None of the patients had sensory deficit as assessed by the NIHSS.

After the randomization, 10 patients were treated with the rMV (VG), while 12 underwent the sham treatment (CG) (see Figure 2 for the diagram showing the flow of participants). None of the treated patients complained side effects during (e.g., pain) or after the vibration treatment.
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FIGURE 2. Diagram showing the flow of participants.



Two patients (1 VG, 1 CG) were treated only on the upper limb, 4 patients (2 VG, 2 CG) only on the lower one, and the remaining 16 patients (6 VG, 8 CG) on both the limbs.

Differences between VG and CG in term of demographic data, stroke characteristics and clinical features are shown in Table 1.



Table 1. Univariate Analysis: significant demographic data, medical history, clinical and neuro-anatomical characteristics according to the type of treatment.
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The two groups of stroke patients did not differ for age (p = 0.39), sex (p = 0.16), stroke type (p = 0.39), lesion side (p = 0.23), stroke localization (p = 0.23), and for the presence of major cerebrovascular risk factors. Univariate analysis did neither show any difference between the two groups regarding both the stroke severity upon admission, (NIHSS score–VG: 12.4 ± 4.09; CG: 10±3.22; p = 0.13), and the mean time between rMV treatment and stroke (VG: 45 ± 20.4 h; CG 43±18.4 h; p = 0.8).

Analysis of variance (ANOVA) showing difference between T-1 and T-0 scores (ΔT1-T0) for each clinical variable (i.e., NIHSS, Fugl-Meyer, Motricity Index e Ashworth Modified) is reported in Figure 3. Patients treated with rMV (VG) had a significant clinical improvement with respect to those treated with a sham-rMV among the NIHSS (p < 0.001), Fugl-Meyer (p = 0.001), and Motricity Index (p < 0.001) scores.


[image: image]

FIGURE 3. Box plot with Interquartile Range (IQR) distribution of the difference between T1 and T0 scales values (NIHSS, total Fugl-Meyer, total Motricity Index, Ashworth modified) in patients treated with rMV and in those treated with sham-rMV. ANOVA's p-value for comparison of the variable between the two groups is reported on the top of each the figure.



Only five patients (3 VG, 2 CG) had post-stroke spasticity, with a maximum modified Ashworth scale (MAS) score of 1 (i.e., very slight increase in the muscle tone); no difference in the MAS score were found between groups (p = 0.668).

By comparing the Fugl-Meyer and Motricity Index scales scores separately for the upper and the lower limb, VG patients were found to have a better clinical improvement at all the clinical end points (Arm: Fugl-Meyer p < 0.001, Motricity Index p < 0.001; Leg: Fugl-Meyer p = 0.013, Motricity Index p < 0.001) (Figure 4).
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FIGURE 4. Box plot with Interquartile Range (IQR) distribution of the difference between T1 and T0 scales values (Fugl-Meyer arm, Fugl-Meyer leg, Motricity Index arm and Motricity Index leg) in patients treated with rMV and in those treated with sham-rMV. ANOVA's p-value for comparison of the variable between the two groups is reported on the top of each the figure.



Analysis of variance for repeated measures (ANOVA-RM) with Tukey post-hoc analysis, allowed us to analyze the clinical improvement expressed as over time repeated measures for each clinical end-point (Figures 5, 6). VG patients showed a better clinical improvement with respect to CG patients in terms of stroke severity assessed by NIHSS (p < 0.001), and of Fugl-Meyer (p = 0.001) and Motricity Index scale score (p < 0.001). The better motor outcome of the rMV-treated patients was confirmed for the upper and the lower limb, separately (Arm: Fugl-Meyer p = 0.005, Motricity Index p = 0.003; Leg: Fugl-Meyer p < 0.001, Motricity Index p < 0.001).
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FIGURE 5. ANOVA for Repeated Measures (ANOVA-RM) with Tukey post-hoc analysis: T0 and T1 mean values (NIHSS, total Fugl-Meyer, total Motricity Index, Ashworth modified) in patients treated with rMV (blue line) and in those treated with sham-rMV (green line).
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FIGURE 6. ANOVA for Repeated Measures (ANOVA-RM) with Tukey post-hoc analysis: T0 and T1 mean values (Fugl-Meyer arm, Fugl-Meyer leg, Motricity Index arm and Motricity Index leg) in patients treated with rMV (blue line) and in those treated with sham-rMV (green line).



Tukey post-hoc analysis showed that ANOVA-RM significance was only due to rMV patients clinical improvement from T-0 to T-1 (rMV T-0-T-1: NIHSS p < 0.001; Fugl-Meyer tot p < 0.001; Fugl-Meyer Arm p < 0.001; Fugl-Meyer Leg p < 0,001; Motricity Index tot p < 0.001; Motricity Index Arm p < 0.001; Motricity Index Leg p < 0.001), but the Fugl-Meyer Arm (sham-rMV T0-T1: Fugl-Meyer Arm p = 0.02). In fact, this analysis did not show any difference between groups regarding the pre-treatment clinical status (NIHSS: p = 0.36; Fugl-Meyer Tot: p = 0.09; Fugl-Meyer Arm: p = 0.08; Fugl-Meyer Leg: p = 0.99; Motricity Index Tot: p = 0.18; Motricity Index Arm: p = 0.21; Motricity Index Leg: p = 0.62).



DISCUSSION

Focal repetitive muscle vibration (rMV) is a safe and well-tolerated intervention which is easy to perform at the bedside, and promotes neural plasticity and long-lasting motor recovery in chronic stroke patients (12).

Although much evidence exists of the efficacy of focal muscle vibration in the chronic phase, the clinical benefit in the very acute phase of stroke is yet to be determined. From a clinical point of view, the reason why this issue is crucial, is that those structural and functional changes within the motor network that underlie the motor recovery after stroke occur in the very first hours after stroke. To our knowledge, no studies have been carried out to investigate the effect of rMV on motor recovery in the acute phase of stroke so far.

Our data show that the rMV intervention can consistently improve motor outcome in a cohort of acute stroke patients. In fact, patients with stroke treated with rMV (VG) had a significant clinical improvement compared to those treated with a sham-rMV as shown by improved NIHSS (p < 0.001), Fugl-Meyer (p = 0.001), and Motricity Index (p < 0.001) scores, regardless the different baseline clinical status, or the different stroke characteristics (stroke type, side or localization of stroke lesion and so on).

The neural substrates underlying motor recovery in the acute phase of stroke are still a matter of debate. Despite the role of the hyperactivation of several cortical areas in both the affected and in the unaffected hemisphere being still unclear, ipsilesional M1 is widely thought to represent the most effective target for rehabilitation therapy (26, 27). This has become a milestone since pioneering studies described how the integrity and or over-activation of the lesioned hemisphere's motor cortex (ipsilesional M1) related to better post-stroke motor recovery (28–30).

Thus, in our opinion, the primary mechanism by which rMV may improve motor recovery after acute stroke is through a direct action on the ipsilesional motor cortex. In detail, the repeated muscle vibration produces a repeated sensory input that reaches M1 directly, via Ia fiber afferent input (6–9), thereby leading to an improvement of functional ability of the affected limb by means of an intrinsic plasticity-related mechanism (11, 13).

An additional mechanism that may be involved in the rMV-induced motor recovery in acute stroke, probably concurrent with the direct action on ipsilesional M1, entails the changes in perilesional brain regions triggered by the focal brain lesion and their connections to the spinal cord motor neurons.

The recruitment of secondary brain structures, due to the capability to establish and consolidate new neural networks in response to a change in the environment (i.e., neuroanatomical plasticity), has been described in the acute phase, especially in those patients with greater motor impairment. This compensative recruitment (i.e., increased activity) is not “maladaptive” because the effects of TMS disruption have demonstrated that their activity is functionally significant (31); nevertheless, it leads to an incomplete recovery (32). The main reason is that the projections from ipsilateral non-primary motor areas to spinal cord motor neurons are less numerous and less efficient at exciting spinal cord motor neurons than those from M1 (30, 33, 34).

Considering that the focal muscle vibration represents a strong proprioceptive stimulus which is able to produce substantial neurophysiological changes also at a peripheral level, it is probably also able to induce synaptic plasticity at the Ia-motoneuron synapse level, thereby increasing the effectiveness of these cortical-spinal connections. In light of this, it is intriguing that a recent study reported that rMV was able to induce long-term depression-like plasticity in specific spinal cord circuits, depending on the muscle vibrated (22).

Thus, our hypothesis is that rMV could drive motor recovery by also acting on spinal cord plasticity, namely by making the projections from secondary motor areas to spinal motor neurons more active and efficient. This mechanism could be of particular relevance in patients with higher motor impairment. Moreover, considering that the secondary motor areas (e.g., PMd) have prominent bilateral connections to the spinal cord (32), one might speculate that this mechanism is able also to act on interhemispheric imbalance involving hyperexcitability of the contralesional hemisphere, whose modulation may have a pivotal, although still unclear, role in motor recovery after stroke (27, 33).

Finally, a possible role of rMV in reducing spasticity when applied to the spastic muscles of hemiplegic limbs in post-stroke patients as also been suggested (13, 35, 36). Among the whole population of recruited patients, we found a mild increase in muscle tone in 5 patients, with no difference between the two groups in Ashworth modified score changes. A possible explanation of this datum is that we evaluated stroke patients in the very acute phase of stroke, whereas spasticity usually develops after several weeks after stroke. Moreover, the very slight increase (with a maximum MAS score of 1) probably did not allow finding a statistical difference between groups. Anyway, there are evidences of spasticity development in the early time course of stroke (37). It would be therefore intriguing to perform a follow-up study to investigate whether this datum is merely due to the timing of spasticity assessment, or if we somehow were able to prevent the spasticity by stimulating the proprioceptive system since the very acute phase (38).

A limitation of the study is that, due to the peculiar emergency setting of the acute Stroke Unit, patients were asked to perform a mild voluntary contraction without measurement of the performed contraction with visual EMG feedback. Moreover, due to the relatively low number of patients, we were not able to perform a multivariate analysis to avoid all stroke-related clinical bias. That notwithstanding, to have further evidences of the role of an intrinsic mechanism more than one linked to patients' clinical characteristic (as already demonstrated in the chronic phase), we evaluated motor outcome by separately analyzing the ΔT1-T0 Fugl-Meyer and Motricity Index scales scores of the upper limb and those of the lower limb. Also, in this, case SG patients were found to have a better clinical improvement at all the clinical end-points (Arm: Fugl-Meyer p < 0,001, Motricity Index p < 0.001; Leg: Fugl-Meyer p = 0.013, Motricity Index p < 0.001).

With the same goal in mind, we also analyzed clinical improvement expressed as over-time repeated measures by means of the analysis of variance for repeated measures (ANOVARM) with Tukey post-hoc analysis. We found that, for all the clinical end-points analyzed except Fugl-Meyer Arm, the significance of patients' clinical improvement from T0 to T1 was exclusively due to rMV treatment (rMV T0-T1: NIHSS p < 0.001; Fugl-Meyer Tot p < 0.001; Fugl-Meyer Arm p < 0.001; Fugl-Meyer Leg p < 0.001; Motricity Index Tot p < 0.001; Motricity Index Arm p < 0.001; Motricity Index Leg p < 0.001); this is important because a minimal improvement is somehow expected because of the PT treatment and because of the stroke natural clinical history as well. Moreover, also when expressed as over-time repeated measures, VG better clinical outcome was independent from the different initial clinical status; interestingly, rMV-related recovery was even more consistent in patients with a more severe stroke in terms of NIHSS, which supports the hypothesis of a plasticity-based intrinsic mechanism being responsible for the better motor recovery of stroke patients treated with rMV in the acute phase of stroke.

However, addressing the plasticity-based mechanisms underlying the rMV-induced motor recovery after stroke does however, go beyond the main clinical purpose of our study. Thus, further RCTs are needed to draw conclusions on this specific issue.

Regarding the main outcome of our study, our data provides the first evidence that the rMV intervention can improve motor outcome in a cohort of stroke patients regardless the different baseline clinical status, or the different stroke characteristics.



CONCLUSIONS

This study provided the first evidence that repetitive focal muscle vibration (rMV), when combined with physiotherapy, is able to improve motor outcome in a cohort of stroke patients, even when performed in the very acute phase of stroke. As a safe and well-tolerated intervention, which is easy to perform at bedside, rMV may represent a valid complementary non-pharmacological therapy to promote motor recovery in acute stroke patients.
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Objective: Very early mobilization was thought to contribute to beneficial outcomes in stroke-unit care, but the optimal intervention strategy including initiation time and intensity of mobilization are unclear. In this study, we sought to confirm the rehabilitative effects of different initiation times (24 vs. 48 h) with different mobilization intensities (routine or intensive) in ischemic stroke patients within three groups.

Materials and Methods: We conducted a randomized and controlled trial with a blinded follow-up assessment. Patients with ischemic stroke, first or recurrent, admitted to stroke unit within 24 h after stroke onset were recruited. Eligible subjects were randomly assigned (1:1:1) to 3 groups: Early Routine Mobilization in which patients received < 1.5 h/d out-of-bed mobilization within 24–48 h after stroke onset, Early Intensive Mobilization in which patients initiated ≥3 h/d mobilization at 24–48 h after the stroke onset, and Very Early Intensive Mobilization in which patients received≥3 h/d mobilization within 24 h. The modified Rankin Scale score of 0–2 was used as the primary favorable outcome.

Results: We analyzed 248 of the 300 patients (80 in Early Routine Mobilization, 82 in Very Early Intensive Mobilization and 86 in Early Intensive Mobilization), with 52 dropping out (20 in Early Routine Mobilization, 18 in Very Early Intensive Mobilization and 14 in Early Intensive Mobilization). Among the three groups, the Early Intensive Mobilization group had the most favorable outcomes at 3-month follow-up, followed by patients in the Early Routine Mobilization group. Patients in Very Early Intensive Mobilization received the least odds of favorable outcomes. At 3 month follow up, 53.5%, (n = 46) of patients with Early Intensive Mobilization showed a favorable outcome (modified Rankin Scale 0–2) (p = 0.041) as compared to 37.8% (n = 31) of patients in the Very Early Intensive Mobilization.

Conclusions: Post-stroke rehabilitation with high intensity physical exercise at 48 h may be beneficial. Very Early Intensive Mobilization did not lead to a favorable outcome at 3 months.

Clinical Trial Registration: www.chictr.org.cn, identifier ChiCTR-ICR-15005992.

Keywords: acute care, ischemic stroke, early mobilization, intensity, rehabilitation


INTRODUCTION

Ischemic stroke leads to profound neurological deficits and lasting physical disability (1–4). The use of exercise-mediated adaptations to attenuate physical disability after stroke is an emerging arena in neurotherapeutics (2, 5, 6). However, fundamental questions regarding initiation time, intensity, and type of exercise, as well as other factors that affect rehabilitation remain unclear (7–9). While current guidelines recommend starting out-of-bed activity “early” during the acute phase of care, such guidelines do not specify how or if early exercise optimizes outcomes (10, 11). Many published studies have shown inconsistent results regarding the efficacy and safety of very early mobilization (VEM) after acute stroke. In a series of studies on A Very Early Rehabilitation Trail (AVERT), the authors did not recommend a certain initiation time for rehabilitation, while the study demonstrated an unfavorable outcome may be caused by a mobilization within 24 h after onset of stroke (12–15). A multicenter SEVEL (Early Sitting in Ischemic Stroke Patients) trial also did not find a significant functional improvement while initiating an early sitting protocol within 24 h after stroke onset. However, similar studies of VEM in India (16) and Japan (17), provided preliminary evidence that very early mobilization within 24 h of stroke onset was feasible, safe and cost effective The recent Cochrane systematic review of very early initiation of rehabilitation (VEI) (18) also concluded that the efficacy of VEI remains to be established. The optimal time for commencing mobilization in stroke patients remains unknown although the majority of studies address VEM. Furthermore, few studies have focused on the intensity of mobilization. The latest guidelines for management of acute ischemic stroke (10) from the American Stroke Association indicate that high-dose mobilization within 24 h of stroke onset should not be performed because it can reduce the odds of a favorable outcome at 3 months. The optimal dose of mobilization remains unknown. We surmise that an optimal rehabilitation strategy should be based on a proper combination of timing and intensity. It is highly important to understand how to rapidly and safely administer exercise after stroke. Therefore, the primary aim of our randomized controlled trial was to compare 24 h, the very early initiation time, to the 48 h, early initiation time of therapy with respect to patient outcomes. We also sought to characterize different intensities of mobilization and their relationship to functional outcomes. We sought to determine the effect of two major factors; timing and intensity, on rehabilitative outcome. Our clinical hypothesis was that intensive, early, but not too early out-of-bed activity would improve functional outcomes at 3 months. The primary outcome was to be assessed at 3 months using mRS scores.



MATERIALS AND METHODS


Study Design and Setting

This is a single center randomized controlled trial. The study was conducted at the Stroke Unit of the Department of Neurology, Beijing Luhe Hospital, Capital Medical University, from January 1, 2015 to December 31, 2017. The institutional ethics committees approved the study. The trial was registered in the Chinese Clinical Trial Registry (ChiCTR-ICR-15005992).



Participants

During the recruitment period, the principal investigator screened all patients admitted to stroke unit according to the following criteria.

Inclusion criteria: Patients aged 18–80 years, with a confirmed first or recurrent ischemic stroke admitted to our stroke unit within 24 h of onset, without disturbance of consciousness (score <2 for the first item of the NIHSS) and being able to react to verbal commands, were included in the study. Treatment with recombinant tissue plasminogen activator (rtPA) was allowed. Informed consent was obtained from each patient or his/her guardian before randomization.

Exclusion criteria included: (1) Premorbid disability (mRS>2); (2) Diagnosed transient ischemic attack (TIA); (3) Early acute deterioration, direct admission to the intensive care unit; (4) Any other serious medical illness or unstable coronary condition; (5) Systolic blood pressure lower than 110 mmHg or higher than 220 mmHg, oxygen saturation lower than 92% with oxygen supplementation, resting heart rate of < 40 beats per min or more than 110 beats per min, temperature < 38.5°C; (6) Treatment with thrombectomy; (7) Enrollment in another intervention trial.

The baseline characteristics of the subjects were collected at the beginning, including age, sex, stroke side, severity, and risk factors (hypertension, diabetes mellitus, ischemic heart disease, hypercholesterolemia, smoking, atrial fibrillation, previous stroke, or transient ischemic attack). Premorbid disability, admission Rankin score, rtPA treatment, daily training time and time to first mobilization after symptom onset were recorded. Physiological parameters such as temperature, heart rate, blood pressure, and saturation were also recorded twice a day as routine procedure. Neurological impairment was assessed by the 11-item National Institutes of Health Stroke Scale (NIHSS) version with a total score of 42 points (19) on admission and at discharge. The severity of the stroke was classified as mild (NIHSS score < 8), moderate (NIHSS score 8–16) or severe (NIHSS score>16) (20).



Intervention

All patients satisfying the inclusion criteria and giving consent were randomly assigned (1:1:1) to three groups by a computer generated randomization procedure using opaque envelopes: Early Routine Mobilization Group (ERM, early but not intensive), Early Intensive Mobilization (EIM) and Very Early Intensive Mobilization (VEIM). All participants received usual standard medical care (such as anti-platelet, anti-coagulation, anti-lipidemic, anti-hypertension or anti-inflammatory injury treatment) according to their conditions.

(1) ERM Protocol- besides standard medical care, patients in this group started < 1.5 h/d (lower dose) of out-of-bed mobilization within 24–48 h after stroke onset.

(2) EIM Protocol- besides standard medical care, patients in EIM started the ≥3 h/d out-of-bed mobilization within 24–48 h after stroke onset.

(3) VEIM Protocol- besides standard medical care, patients in VEIM started the ≥3 h/d of out-of-bed mobilization within 24 h of stroke onset.

Out-of-bed mobilization included sitting, standing, and walking which were performed with or without assistance as described by the “A Very Early Rehabilitation Trial” (AVERT) Protocol (14). No special equipment was used, and mobilization included the use of standing bed and wheelchair, when necessary. All mobilization protocols were adjusted to the patients' tolerance, needs and abilities and were delivered by professional therapists or nurses. The frequency, dose, and content of mobilization varied according to physical ability and were recorded in detail by therapists or nurses. Dose monitoring was done by a specially assigned staff to ensure good compliance for this study. Physicians were asked to evaluate patients with deteriorating conditions during the exercise and to postpone mobilization when necessary. Mobilization continued for 10–14 days including the weekend.



Outcome Assessment

The primary outcome was measured with the modified Rankin Scale (mRS) and defined as favorable mRS of 0–2 (no or minimum disability) at 3 months after stroke, while a poor outcome was defined as scores of 3–6 (moderate or severe disability, or death). Assessments during hospitalization were performed in person, or via telephone by a trained assessor at the follow-up period.



Statistical Analysis

Sample size was estimated from our preliminary experimental results in which stroke patients were divided to two groups: very early mobilization group (within 24 h of stroke onset) and early mobilization group (24–48 h of stroke onset). Our preliminary experimental planning revealed a difference of 20% in the prevalence of patients showing a Rankin score [0–2] at 3 month after stroke onset: 35% in the very early mobilization group vs. 55% in the early mobilization group. Calculation was performed based on a type I error risk of 5% and a power of 80%, in a two-sided approach. A total of 94 patients per group was calculated as necessary to show a difference of 20% in the prevalence of patients showing a favorable outcome (Rankin score 0–2) at 3 month after stroke onset. Final planning saw the sample size adjusted to a total of 100 patients per group.

Data of all patients who completed the protocols and follow-up were analyzed and we used a Per-protocol (PP) analysis. Statistical analysis was performed using the Statistical Package for Social Science (SPSS), version 19.0 (SPSS Inc., Chicago, IL, USA). P < 0.05 was considered significant. Descriptive statistics were used to analyze all demographic and clinical characteristics. Continuous data was presented as mean (standard deviation) and categorical data was presented as a number and percentage. Continuous variables consistent with the normal distribution were compared by the independent samples t-test or analysis of variance (ANOVA), otherwise by rank sum test. Categorical variables were compared using chi-square testing.




RESULTS

From January 1, 2015 to December 31, 2017, 300 patients were assigned randomly (1:1:1) to three groups. 248 (82.7%) patients finished the training and follow-up assessment, 80 in ERM, 82 in VEIM and 86 in EIM groups, while 52 patients (20 in ERM, 18 in VEIM and 14 in EIM) dropped out for various reasons (Figure 1). Baseline characteristics including age, gender, risk factors and pre-morbid disability were similar among study groups (Table 1). The stroke severity at admission was evaluated with the NIHSS. There was no significant difference in the three groups (Table 1). Most of the patients had a first time ischemic stroke (85.0% in ERM, 79.3% in VEIM, 82.6% in EIM) and all the enrolled patients had mild or moderate strokes with NIHSS scores < 8, or between 8 and 16. Patients with NIHSS scores more than 16 were either unconscious or unable to tolerate the rehabilitation procedures. The median daily training time of patients in VEIM (184.6 min) and EIM (184.1 min) were significantly (p < 0.001) longer than that of patients in ERM (53.4 min), while time to first mobilization after the symptom onset was significantly (p < 0.001) shorter in VEIM (16.8 h) than in ERM (41.0 h) and EIM (38.0 h) (Table 2).


[image: image]

FIGURE 1. Trial profile. ERM, Early Routine Mobilization; VEIM, Very Early Intensive Mobilization; EIM, Early Intensive Mobilization. Three hundred patients were assigned randomly (1:1:1) to three groups. Two hundred and forty-eight (82.7%) patients finished the training and follow-up assessment, 80 in ERM, 82 in VEIM and 86 in EIM groups, while 52 patients (20 in ERM, 18 in VEIM, and 14 in EIM) dropped out for various reasons. In total, 80 in ERM, 86 patients in EIM and 82 patients in VEIM finished the training and the follow-up, and were thus analyzed.





Table 1. Baseline characteristics of the patients.
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Table 2. Initiating time and intensity of mobilization.
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We used mRS 0–2 (minimum or no disability) for the primary favorable outcome. Although we did not see significant differences among the three groups in 3-month follow-up, the percentage of primary favorable outcomes was highest in EIM and lowest in VEIM (Figure 2 and Table 3). Furthermore, 53.5% of patients in EIM group had favorable outcomes (mRS 0–2) at 3 months, in contrast to 37.8% of the patients in VEIM, this difference was statistically significant (Table 3). In addition, more patients in EIM (53.5%) showed a favorable outcome as compared to ERM (45%), even though the difference did not reach a significant level. Taken together, EIM appeared to be the most beneficial rehabilitation program with statistically better results at 3 months, followed by ERM, while the VEIM group had the lowest positive outcomes at 3 months. mRS shift data again revealed positive functional shifts in mRS for the EIM group (Figure 2).
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FIGURE 2. mRS shift: the percentage of patients achieving each mRS score at 3 months. ERM, Early Routine Mobilization; VEIM, Very Early Intensive Mobilization; EIM, Early Intensive Mobilization; mRS, modified Rankin Scale.





Table 3. Outcome at three months.
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DISCUSSION

In the present study, we identified that more patients with utilization of the early (24–48 h) intensive mobilization (EIM) program received a favorable functional outcome, as compared to early (24–48 h) but not intensive (routine) mobilization (ERM), although the difference was not statistically significant. We then confirmed that EIM was better able to improve functional outcomes than VEIM at 3 months. In contrast to EIM, VEIM showed a poorer outcome overall at 3 months. A higher intensity but not too early mobilization appeared most beneficial in our study for rehabilitation after acute stroke.

As compared to AVERT (12–15), the pioneering studies in the realm of very early mobilization, the present study shared several similarities, although our study was a single center study and had a relatively small sample size. Our study was randomized and controlled, and the study duration was up to 14 days. We used same definition of “very early mobilization” for out-of-bed interventions commenced within 24 h after stroke, the same interventions for out-of-bed mobilization, and the same outcome measure (mRS scores). Very comparable results were observed in the higher dose (≥3 h/d out-of-bed mobilization), very early mobilization protocol (initiating within 24 h post stroke) in both studies. This mobilization protocol was associated with a reduction in the odds of a favorable outcome at 3-months follow-up, despite the 2011 AVERT follow-up suggesting VEIM may fast track ambulation recovery (21). It was not until the final 2015 AVERT results published in Lancet did the VEIM group results change suggesting worse outcomes at 3 months for this group (15). Thus, the question of the therapeutic efficacy of VEIM was left unsettled. Our results seem to confirm this therapy is not useful.

Importantly, as compared to AVERT, the present study was unique as follows: (1) we directly compared very early (within 24 h) and early (24–48 h) mobilization with the same intensive mobilization (≥3 h/d); (2) we directly compared routine (< 1.5 h/d) and intensive (≥3 h/d) mobilization with same early initiation (24–48 h). In addition, the protocol of intensity in our trial was described in more details. In AVERT, the concept of intensity mobilization in intervention group (VEM) was blurred as it was just double the control group dose, without a specific amount of daily training time duration. A retrospective cohort study (22) consisting of 360 patients demonstrated that subjects who received >3.0 h of therapy daily made significantly more functional gains than those receiving < 3.0 h daily. Therefore, we used this duration for intensive mobilization and 1.5 h per day for routine mobilization.

AVERT found the higher dose, very early mobilization protocol was associated with a reduction in the odds of a favorable outcome (modified Rankin Scale [mRS] 0–2) at 3 months (15). One notable limitation of this trial is that most patients (roughly 60%) in usual care group started out-of-bed therapy within 24 h of stroke onset, rather than more than 24 h as it was designed (15). As a result, the difference between the intervention and control groups regarding initiation time for mobilization, though statistically significant, was small—mean 18.5 vs. 22.4 h. However, the difference in intensity between the two groups was significant, with the intervention group spending almost three times longer out of bed than controls (201.5 vs. 70 min). Given this, the difference in intensity probably played a greater role on outcomes than the difference in initiation time in AVERT. Our study sought to rectify this conundrum and determined the factor of initiation time with the same intensity and the factor of intensity with the same initiation time on outcome at 3 months after stroke. With significantly different initiation times between the two groups (EIM 38.0 h vs. VEIM 16.8 h) and almost the same intensity (EIM 184.1 min vs. VEIM 184.6 min), we found patients in EIM had significantly greater odds of favorable outcomes than patients in VEIM. Obviously, the difference in initiation time played a unique role in the outcomes of our study.

In order to better understand whether very early rehabilitation is beneficial or harmful, it is important to assess physiologic and animal studies. Given the labile blood pressure in the peri stroke period (23), very early mobilization could reduce cerebral blood flow and harm the ischemic penumbra (24). This maybe related to head position and redistribution of blood to other organs, especially standing musculature. Furthermore, the poor outcome caused by very early and intensive mobilization may be related to a disturbed auto regulatory regional cerebral blood flow (rCBF). Under physiologic conditions, the cerebral auto-regulation mechanisms keep the cerebral blood flow (CBF) relatively stable. During acute stroke, the cerebral auto-regulation mechanisms are impaired and any fluctuation in blood pressure can affect the CBF directly (25). Moreover, recent research indicates that moderate exercise is associated with an increase in cerebral blood flow (CBF). Increases in exercise intensity up to 60% of maximal oxygen uptake elevated CBF (26–28). If more than that level, CBF was decreased despite the increased cerebral metabolic demand during early and intensive exercise in VEIM, possibly acting as an independent harmful influence on cerebral function (27, 28). Krakauer and colleagues (29) considered that too early mobilization of the affected limbs after brain injury may hamper brain plasticity as it may weaken GABA-mediated tonic inhibition. Reducing GABA-mediated inhibition in the first few days after stroke onset may enlarge the infarct size (29).

Several animal experiments support the notion that very early rehabilitation is not beneficial (30–32). Exercise training in rats beginning at 24 h post-stroke was associated with enlargement of ischemic lesions compared with animals who began training at 7 days (30). Shen et al. (31) found that hyperglycolysis and activation of nicotinamide adenine dinucleotide phosphate oxidase (NOX) was associated with an elevation in apoptotic cell death. This was increased in rats after very early exercise (6 h-24 h), but not after late exercise (3 days). Li et al. (32) found that inflammatory cytokines were increased at 6 h but not at 24 h or 3 days with exercise in rats, and apoptotic cell death was enhanced by very early exercise in association with increased expression of pro-apoptotic proteins. Although correlative age data between rats and humans may be imperfect, a study has suggested that 24 h for an adult rat corresponds to 30 days for an adult human (33). It raises possibility that a 24 h exercise implementation in rats would simulate human conditions at a latter time point in rehabilitation. Furthermore not all rat studies have shown exercise therapy at 24 h to be harmful, Zhang et al. (34) reported smaller tissue infarct sizes and improved outcomes.

In the present study, the patients recruited were not representative of the whole stroke population since patients with severe aphasia, disturbance of consciousness or thrombectomy were excluded. As our study was conducted at one center, we did not recruit enough patients (100 in the 3 groups) to fulfill our initial Power Assessment. However, the relatively small sample size and single-center nature of the study have nevertheless suggested a meaningful conclusion that high intensity physical rehabilitation later than 24 h post stroke is beneficial in patients. The beneficial effects of early but not too early with intensive mobilization protocol warrant a future randomized and controlled multicenter trial study with a larger sample size. We also confirmed the previous findings of the AVERT study that VEIM therapy should not be used outside of a randomized trial.
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Background: The assessment of muscle properties is an essential prerequisite in the treatment of post-stroke patients with limb spasticity. Most existing spasticity assessment approaches do not consider the muscle activation with voluntary contraction. Including voluntary movements of spastic muscles may provide a new way for the reliable assessment of muscle spasticity.

Objective: In this study, we investigated the effectiveness and reliability of maximum isometrics voluntary contraction (MIVC) based method for spasticity assessment in post-stroke hemiplegia.

Methods: Fourteen post-stroke hemiplegic patients with arm spasticity were asked to perform two tasks: MIVC and passive isokinetic movements. Three biomechanical signals, torque, position, and time, were recorded from the impaired and non-impaired arms of the patients. Three features, peak torque, keep time of the peak torque, and rise time, were computed from the recorded MIVC signals and used to evaluate the muscle voluntary activation characteristics, respectively. For passive movements, two features, the maximum resistance torque and muscle stiffness, were also obtained to characterize the properties of spastic stretch reflexes. Subsequently, the effectiveness and reliability of the MIVC-based spasticity assessment method were evaluated with spearman correlation analysis and intra class correlation coefficients (ICCs) metrics.

Results: The results indicated that the keep time of peak torque and rise time in the impaired arm were higher in comparison to those in the contralateral arm, whereas the peak torque in the impaired side was significantly lower than their contralateral arm. Our results also showed a significant positive correlation (r = 0.503, p = 0.047) between the keep time (tk) and the passive resistant torque. Furthermore, a significantly positive correlation was observed between the keep time (tk) and the muscle stiffness (r = 0.653, p = 0.011). Meanwhile, the ICCs for intra-time measurements of MIVC ranged between 0.815 and 0.988 with one outlier.

Conclusion: The findings from this study suggested that the proposed MIVC-based approach would be promising for the reliable and accurate assessment of spasticity in post-stroke patients.

Keywords: spasticity assessment, post-stroke, maximum isometrics voluntary, voluntary activation, reliability


INTRODUCTION

Spasticity, commonly defined as motor disorder, can be characterized by velocity-dependent increase in muscle tone with exaggerated tendon jerks that will affect the muscle voluntary activation (1). It has been reported in previous studies that about 40% of post-stroke survivors suffer from spasticity (2, 3), leading to a huge burden on a large number of patients and challenges to the care givers (4, 5). To treat patients with spasticity, a number of different approaches such as local botulinum toxin injection, physical and occupational therapies, electrical neuro stimulation, and surgical interventions, have been commonly used in clinic (2, 6, 7). While the clinical practices have showed that these approaches are effective for spasticity treatments, their clinical efficacy would be further improved if the spasticity assessments are more reliable and accurate. Currently, the commonly used spasticity treatments are the clinical scale methods such as Ashworth Scale and Modified Ashworth Scale (MAS) which could provide some useful information on whether spasticity exists or not and what the severity of spasticity are with several levels (such as 0–4) (8, 9). The most widely applied MAS method is relatively easy to implement, but its assessment outcomes could be only used for passive movements' assessment (10, 11) and greatly depend on the physicians' experience (12, 13). With these issues, the MAS method has been questioned by several researchers over time (13, 14) These discrete level assessment methods could roughly group spasticity, however, they could not provide sufficiently reliable or accurate information for assessing spasticity that would be necessary for guiding spasticity treatments (15, 16).

With the limitations of the clinical scale methods, some methods based on the analysis of features associated with neurophysiologic/biomechanical measurements have been proposed in previous studies for accurately evaluating the spasticity in patients (17–22). It should be noted that most of the previous neurophysiologic/biomechanical spasticity assessment methods will be greatly affected by individual differences among patients and partial side effect (23, 24). In order to overcome these limitations, a number of quantitative methods have been developed for spasticity assessment in patients (25). For examples, the H-reflex, H/M ratios, and dynamic electromyogram (EMG) response to mechanical stimuli based approaches, have been proposed and investigated for spasticity assessment in patients (17, 26). Although these neurophysiological based methods appear to be promising, they are still limited by several factors including inadequate electrode placement, electrode-skin resistance, and physiological status of the muscles amongst others (23). In addition, these neurophysiology-based methods usually lack a direct correlation between the neurophysiological assessment outcome and the clinical scale outcome, which makes the clinicians be difficult to assess the spasticity status of patients (27). Further, biomechanical methods driven by the initiation of different kinds of muscular movements including isokinetic, isometric, isotonic have equally been used for assessment of muscle characteristics especially via rehabilitation training (28). And the maximum isometrics voluntary contraction (MIVC) used in assessing the characteristics of voluntary muscle activation is considered as a useful approach for quantifying the neuromuscular properties of the spastic muscles (29). Although isokinetic test method is considered as a standard approach for assessing the stretch reflex with respect to spasticity only in the context of passive movement, it cannot discriminate between neural component and muscle component (21). Additionally, it is unknown whether the MIVC method could offer a useful measure for assessing the neuromuscular properties of spastic muscles.

Currently, the peak resistive torque and stiffness that are calculated with isokinetic dynamometry are considered as the “gold standard” for the evaluation of spasticity (16) and even the most existing spasticity assessment approaches are based on the evaluation of the neurophysiologic/biomechanical response to stretch reflexes (30). However, the muscle activation characteristics with voluntary contraction are completely neglected in these methods (31). It is unknown whether the voluntary movements of spastic muscles are useful in the reliable assessment of muscle spasticity. After all, the evaluation of the muscles response to voluntary movements (voluntary muscle activation) have rarely been considered to date, and the relationship between the spastic muscle tone and muscle voluntary activation remains unclear (31, 32). In addition, it is also unclear what the relationship between the spastic muscle tone and muscle voluntary activation are.

In this study, a new spasticity assessment method based on MIVC was proposed and its performance in evaluating the spasticity status in post-stroke hemiplegia with an upper limb spasticity was investigated. Current method was compared with the conventional passive stretch method as well as the MAS method. In addition, three biomechanical features (peak reflex torque, keep time of the peak torque, and rise time of the peak torque) derived from MIVC were proposed to quantitatively assess upper limb spasticity. Additionally, further investigations were conducted to evaluate the changes in the voluntary muscle activation properties between the impaired and non-impaired arms, using correlation between the features from current method and conventional passive stretch reflex approach in chronic stroke survivors with spasticity. Criterion validity was examined as convergent construct validity (using the Spearman's correlation coefficient) and concurrent validity (using analysis of variance) (11). The reliability of the MIVC measurements was further evaluated using repeated measurements intra class correlation coefficients (ICCs).



MATERIALS AND METHODS


Participant Information

In this study, we enrolled a total of 14 chronic post-stroke hemiplegia (11 males and 3 females) with different degrees of elbow flexor spasticity (MAS = 1, 1+, 2), age of 47.36 ± 6.54 years, and an average post-stroke time of 6.18 ± 2.47 months. All the participants were observed to be in their post stroke recovery stages (Time since stroke is more than 1 month), and their summarized demographic information was listed in Table 1. The inclusion criteria for subjects were (1) hemiplegia secondary to a single ischemic or hemorrhage stroke; (2) at least 1 months post-stroke; (3) elbow flexor spasticity of the impaired side < 3 (rated by MAS); (4) being able to understand and follow instructions related to the experiment; and (5) being able to give written informed consent. The exclusion criteria were (1) a history of multiple strokes or bilateral involvement; (2) presence of muscle contraction that would limit full elbow range of movement on the impaired side; (3) existence of function failure in important organs such as heart, lung, liver, and kidney. The experiment was approved by the human research ethics committee of the Shenzhen Nanshan hospital and all the subjects gave written informed consent prior to their participation in the study. In addition, all the experiments were performed in accordance with the relevant guidelines and regulations.



Table 1. Summarized demographic information of all the subjects according to MAS (N = 14)*.
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Experiment Procedure

A commercial motor function rehabilitation system HUMAC NORM (Computer Sports Medicine Inc. CSMI, USA) was used to record biomechanical signals (speed, torque, and position) in the study. The body weight and other necessary features of each subject were also regularly recorded before the experiments. During an experiment, each subject lay comfortably on an examination bed, and the MIVC signals associated with the impaired and non-impaired arms were recorded by HUMAC NORM device, as shown in Figure 1. Each subject was asked to hold the handle of HUMAC NORM device with a normal force and to perform the maximum isometric voluntary contraction at an elbow joint angle of about zero degree for three sessions. When one session was finished, their arms of a subject were relaxed for a rest at least 15 s before doing next session. In order to minimize the effect of muscle fatigue on the spasticity assessment, the MIVC signal recordings from the third MIVC trial was excluded. Subsequently, the range of the elbow joint angle was tested in a rest session after their arms have been passively stretched to avoid muscle fatigue. Then, they further performed three passive isokinetic contractions using their impaired limb with at least 20 s rest session in between. And three constant passive stretch speeds of elbow flexors, 60°/s, 40°/s, and 20°/s, were considered in the study. For each stretch speed, the participants repeated three trials of passive isokinetic contraction. The onset elbow angle was about zero degree and the end position was the approximate maximum elbow movement angle.


[image: image]

FIGURE 1. Experimental setting. (A) The definition for the range of movement with elbow joint. (B) Maximum isometric voluntary contraction at an elbow joint angle of about zero degree Test for both arms and HUMAC NORM device introduction, 1: elbow/shoulder handle, 2: dynamometer, 3: computer display and control platform, 4: examination bed; (C) Elbow passive isokinetic contractions test for impaired limb.





Neuromechanical Parameters (Tp, Tk, Tr)

The elbow torque acquired with the HUMAC NORM device from the MIVC task was filtered by a 3rd order Butterworth low pass filter with a cutoff frequency of 1 Hz. The peak torque (Tp) was defined as the maximum torque of an isometric maximum voluntary contraction of the elbow flexors. Tp represents the muscle strength of the participants and the keep time (Tk) was defined as the duration for which the muscle strength was maintained (above 80%*maximum torque), and Tk equally indicates the muscle endurance (25). The rise time (Tr) is defined as 0.1* maximum torque to 0.8* maximum torque for a given trial, where Trindicate muscle power (Figure 2). The peak torque was normalized by individual body weight to reduce the subject individual differences among patients (26).


[image: image]

FIGURE 2. Description of the neuromechanical parameters for the MIVC.



The muscle stiffness characteristic was determined by fitting a slope to the stress–stretch data by means of linear regression between the points of 0.25*maximum stress and 0.75*maximum stress for a given trial (Figure 3). This portion of the typically sigmoidal response was well-described by the linear regression, as verified in the results section (27).


[image: image]

FIGURE 3. Definition of the stiffness.





Statistics

The signal processing task was performed with MATLAB R2015b (Math Works) programming tool and all statistical analyses were carried out with SPSS (version 17.0) software. Meanwhile, the paired sample T-test was applied to examine if there was a significant difference between impaired side and non-impaired side. Criterion validity was investigated as convergent construct validity (using Spearman's correlation Coefficient) and concurrent validity (using analysis of variance and Tukey's post-hoc test). Correlations between the proposed features of MIVC (Tp,Tk,Tr), MAS and biomechanical measures (peak reflex torque and reflex stiffness) were analyzed using Spearman's coefficient. Statistical significance level was set at p-value < 0.05 and false discovery rate (FDR) analyses were provided with FDR correction (p-value was convert to q-value, and q = p*n/rank, in the equation n denotes the comparison time and rank denotes the order of p-value from small to big). The reliability of MIVC measurements was evaluated using repeated measurements ICCs with 95% confidence intervals (CIs). The ICC was calculated using a two-way mixed-effect model with an agreement coefficient. ICC values would vary from 0 to 1.




RESULTS

For each subject, the properties of maximum isometric voluntary contraction from the impaired and non-impaired sides were analyzed, and the MIVC Features (Tp,Tk,Tr) were compared between the impaired and non-impaired sides. Then the effect of the velocity on the passive stretch associated with the respective muscles was investigated. Further, the relationship that exists between the proposed features of MIVC, MAS, and biomechanical measures was examined using correlation and linear regression analysis techniques. Finally, the reliability of the MIVC measurements was assessed with ICCs and Bland-Altman plot.


The Properties of MIVC on the Impaired and Non-impaired Sides

As shown in Figure 4, the MIVC features (peak torque, keep time, rise time) were significantly different between the impaired and non-impaired arms for each subject. Generally speaking, for all the subjects, the mean of the peak torque Tp on their impaired side was less than that on their non-impaired side. For 11 of 14 subjects, the keep time of peak torque Tk on their impaired side was lower in comparison to that on their non-impaired side. And for 12 of 14 subjects, compared to their non-impaired side, the rise times of peak torque Tr were greater on their impaired side.
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FIGURE 4. Comparative analysis of MIVC features between the impaired and non-impaired arms across all the 14 recruited subjects (Mean ± SEM).



Our statistical analysis results show that the difference between the impaired and non-impaired side (Table 2) with respect to the three MIVC features was significant. During the maximum isometric voluntary contraction, the mean of the peak torque Tp on the impaired side (0.147 ± 0.086 Nm) was less than that on the non-impaired side (0.465 ± 0.202 Nm) (p < 0.001, q < 0.001). Meanwhile, the mean of the keep time of peak torque Tk was lower on the impaired side (0.147 ± 0.086 s) than on the non-impaired side (0.465 ± 0.202 s) (p = 0.037, q = 0.037). Furthermore, the mean of the rise time of peak torque Tr was greater on the impaired side (0.147 ± 0.086 s) than on the non-impaired side (0.465 ± 0.202 s) (p = 0.029, q = 0.044). The p-values were converted to q value with FDR correction, and the significant test results remained the same.



Table 2. Comparison of MIVC features between impaired side and non-impaired side.
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Analysis Based on Velocity-Dependent Responses of Passive Stretch

In general, there was no obvious change in velocity-dependent mechanical response of passive stretch with peak torque. In fact, the results obtained from a repeated one-way ANOVA analysis did not reflect a meaningful effect of stretch velocity for peak torque response [F3, 4 = 0.89, p = 0.42] (Figure 5A). It was observed that the response at higher velocities showed greater individual variation as indicated by the SEM bars. The slight differences in passive resistive torque between the three stretch velocities indicated that the stretch reflex of the muscle may be induced by the all the three stretch velocities. And the elbow angular velocity threshold for inducing stretch reflex response was lower than 20°/s. Additionally, it can be observed from Figure 5A that the velocity-dependent mechanical response in passive stretch increases correspondingly with the stiffness. And the outcome of one-way repeated ANOVA indicated that there was a significant effect in stretch velocity for stiffness response. Figure 5B shows the direct relationship between the stiffness in elbow flexors and the velocity. Similarly, there was a significant effect of stretch velocity [F3, 4 = 14.7, p < 0.001]. The response at higher velocities represented greater individual variation as shown by the SEM bars.
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FIGURE 5. (A) Normalized peak torque and (B) stiffness at three speeds Mean ± SEM, * represents statistical significance).





Correlation Between MIVC-Features and Biomechanical Assessments

The correlation coefficients between the MIVC-features and stretch measurements were computed and presented in Table 3. It can be seen from Table 3 that there was a strong positive relationship between the peak resistant torque from the passive stretch test at 60°/s and the Tk from the MIVC (r = 0.503, p = 0.047). In addition, a strong positive relationship between the muscle stiffness from the passive stretch velocity at 60°/s and the Tkfrom the MIVC (r = 0.653, p = 0.011) was also obtained as shown in Figure 6. No other association between the MIVC features and passive stretch measurements was observed. It should be noted that no significant correlation between MIVC indexes and the MAS was observed while only the correlation between the Tp and the MAS was approximate significant (r = −0.503, p = 0.061). Further, evaluation of the associations between the MAS scores and the passive stretch measurements did not confirm any correlations results obtained via Spearman coefficients (P).



Table 3. Spearman correlation analysis among MIVC features, stretch reflex features, and MAS (Correlation coefficient and P-value).
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FIGURE 6. Conelation between the stiffness of 60°/s and the keep time (Tk) of the MIVC with linear regression analysis.





Reliability of MIVC Measurements With Intra Class Correlation Coefficient

Generally, our experimental results showed that the reliability of the MIVC measures was very fine. The ICC results were presented in Table 4. It can be seen from Table 4 that the ICC values ranged between 0.653 and 0.990, and the Peak torque of the MIVC showed the best reliability with a coefficient of 0.99 (excellent reliability) for the non-impaired limb, and 0.96 for the impaired limb. The keep time of the MIVC also showed great reliability characteristics with a coefficient of 0.82 for the impaired limb and 0.98 for the non-impaired limb. The rise time of the MIVC showed the worst reliability with a coefficient of 0.65 for the non-impaired arm.



Table 4. The repeated measurements intra class correlation coefficients (ICCs) with 95% confidence intervals (CIs) of the MIVC features.
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We went further and visualized bias systematically using Bland-Altman graph. In this regard, the Bland-Altman plots indicated that there was no bias for the repeated two measurements (Figure 7). Meanwhile, the data points were distributed equally above and below the zero lines, which indicated no bias. For Tk, Tr from the impaired side, only one points was out of the boundary lines (−1.96*SD, 1.96*SD). For Tp, Tr from the non-impaired side, only one points was out of the boundary lines. These results suggested the reproducibility of the MIVC features.
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FIGURE 7. The Bland-Altman plot for the MIVC features, longitudinal axes indicates the mean of two measurements, transverse axes indicates the difference of the two measurements.(A) Peak torque TP; (B) Keep time Tk; (C) rise time Tr.






DISCUSSION

Effective spasticity management usually results to restoration of biomechanics, improvement of motor control, strengthening of weak muscles, and improvement of muscle endurance. Recent evidences suggest that voluntary activation change of the spastic muscle may contribute more to disability than abnormal stretch reflex in post-stroke patient (33). However, only a fraction of the existing related works have focused on muscle voluntary activation with maximum voluntary contraction, thus a study on the relationship between muscle tone and voluntary activation is desirable. To the best of our knowledge, this study might be the first study to systematically investigate and assess spasticity with MIVC features. Our experimental results indicated that the proposed MIVC features would correlate with muscle tone, which were important indicators for spasticity rehabilitation. And the MIVC features were reliable in terms of providing consistent test results. In addition, the relationship between the MIVC and passive stretch movement as well as the MIVC feature differences between the impaired and non-impaired arms were investigated in the study. We found that the biomechanical tests results provided experimental evidence that Tk could be effectively used to assess post-stroke spasticity.


Relationship Between Passive Stretch Mechanical Features and MAS

A relatively weak relationship was observed between the passive torque, muscle stiffness, and the MAS. This observation is in line with those reported in a number of previous studies (14, 34, 35), which indicates that the MAS based methods might be not a very suitable means for reliably assessing spasticity in patients. A velocity dependent increase in passive resistant torque was equally observed with a peak resistant torque that kept increasing especially at higher passive velocity. For instance, the peak resistant torque from high velocity of 40°/s and 60°/s were found to be larger than the peak resistant torque from low velocity of 20°/s and 40°/s, correspondingly. Interestingly, other previous investigators have reported a progressive increase in biceps brachii resistive torque at stretch velocities >40°/s in normal subjects and patients with spinal cord injury which corroborates the findings from the current study (34). It should be noted that the stretch reflex-mediated response and non-reflex response were not distinguished. Meanwhile, the muscle stiffness increased linearly in response to increasing passive velocity, whereas velocity dependent response was observed. The stiffness strongly correlates with passive resistant at the three levels of passive stretch velocity. These results were also consistent with those reported in some previous studies (36, 37).



Correlation Between the MIVC Features and Passive Stretch Measurement

Investigations on the correlation between MIVC and passive stretch revealed a fairly strong relationship between the passive torque, stiffness, and the Tk, indicating that the proposed method is clinically relevant. The weak relationship that was observed between the passive torque, stiffness, and Tp, Tr shows that there is a low association between the measured passive stretch and the muscle strength in the spastic arm. In other words, Tp and Tr may be not suitable for muscle spasticity assessment. At 20°/s, the Peak torque would be low and insensitive to reflex–mediated response, thus accounting for the reflex response and non-reflex response. Hence, this would be a reasonable explanation for the significant correlation observed between MIVC features and passive stretch response at 60°/s, and insignificant correlation between the MIVC features and passive stretch response at 20°/s.



Voluntary Muscle Activation Between the Impaired Side and Non-impaired Side

With the investigation of the characteristics of the muscles on the impaired arm and that of the contralateral side based on extracted MIVC features (Tp,Tk,Tr), it was interesting in that there was a significant difference between the muscle activation patterns/properties of both arms. In fact, the Peak torque value associated with the impaired arm was found to be significantly smaller compared to that of the non-impaired side (26). Meanwhile, the Keep time was also observed to be significantly smaller on the impaired side than non-impaired side. Additionally, the Rise time was significantly higher on the impaired side than the non-impaired side which is consistent with the results reported in some previous studies (33, 38). In other words, the above discussed results indicated that the muscle strength of the impaired side and the endurance of the impaired side were both reduced.



Reliability of MIVC Measurements

By examining the reliability of the MIVC features with repeated measurements for spasticity assessment, we found that the relatively high reliability could be achieved with an interclass correlation coefficient of 0.653–0.988. Also, the reliability analysis based on the Bland-Altman plots indicated that the MIVC method is reliable. Although the results were limited to the elbow flexor muscle group, we believe them to be positive enough to use MIVC characters for grading spasticity. If patients are tested with a greater latency between measurements, ratings of spasticity might differ more than in this study. Such differences, however, might be a manifestation of variations in muscle spasticity.




LIMITATIONS

Despite the good performances of the MIVC based features for spasticity assessment, the proposed MIVC method also has some limitations. Firstly, it should be noted that certain post-stroke patients especially those in the soft palsy phase could hardly perform MIVC with their impaired arm because their muscle force would be usually too low to perform any active movement (38). In this regard, the currently investigated MIVC features may not provide optimal results when used to assess the spasticity status of their impaired arm. Secondly, most hospitals often are equipped with dynamometer, but the technical support that is needed to record the time-torque response for MIVC and analyze the data, may be unavailable. Thirdly, as lack of sufficient clinical data and control study, it would be hard to propose the diagnostic criteria for spasticity assessment with MIVC.



CONCLUSION

This study provides some experimental evidence that the muscle voluntary activation characterized by Keep time of the Peak torque from the MIVC correlates with severity of spasticity in chronic stroke survivors. The performance of the proposed MIVC method for spasticity assessment was extensively investigated with results revealing its reliability and accuracy based on dataset from14 post-stroke survivors. The findings of this study could provide potential insight on the development of smart intelligent devices that would facilitate efficient spasticity assessment in stroke survivors, which is necessary for active rehabilitation.
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Background: Upper limb impairment is a common problem for people with neurological disabilities, affecting activity, performance, quality of life, and independence. Accurate, timely assessments are required for effective rehabilitation, and development of novel interventions. International consensus on upper limb assessment is needed to make research findings more meaningful, provide a benchmark for quality in clinical practice, more cost-effective neurorehabilitation and improved outcomes for neurological patients undergoing rehabilitation.

Aim: To conduct a systematic review, as part of the output of a European COST Action, to identify what recommendations are made for upper limb assessment.

Methods: We systematically reviewed published guidance on measures and protocols for assessment of upper limb function in neurological rehabilitation via electronic databases from January 2007–December 2017. Additional records were then identified through other sources. Records were selected for inclusion based on scanning of titles, abstracts and full text by two authors working independently, and a third author if there was disagreement. Records were included if they referred to “rehabilitation” and “assessment” or “measurement”. Reasons for exclusion were documented.

Results: From the initial 552 records identified (after duplicates were removed), 34 satisfied our criteria for inclusion, and only six recommended specific outcome measures and /or protocols. Records were divided into National Guidelines and other practice guidelines published in peer reviewed Journals. There was agreement that assessment is critical, should be conducted early and at regular intervals and that there is a need for standardized measures. Assessments should be conducted by a healthcare professional trained in using the measure and should encompass body function and structure, activity and participation.

Conclusions: We present a comprehensive, critical, and original summary of current recommendations. Defining a core set of measures and agreed protocols requires international consensus between experts representing the diverse and multi-disciplinary field of neurorehabilitation including clinical researchers and practitioners, rehabilitation technology researchers, and commercial developers. Current lack of guidance may hold-back progress in understanding function and recovery. Together with a Delphi consensus study and an overview of systematic reviews of outcome measures it will contribute to the development of international guidelines for upper limb assessment in neurological conditions.

Keywords: practice guidelines, neurological conditions, upper limb, outcome and process assessment, systematic review, guidelines, impairment, activity


INTRODUCTION

Worldwide prevalence of stroke in 2010 was 33 million, with 16.9 million people having a first stroke, of which 795,000 were American and 1.1 million European (1). It has been estimated that approximately one third of people fail to regain upper limb capacity, despite receiving therapy (2). This has important implications for both individuals and the wider society as reduced upper limb function is associated with dependence and poor quality of life for both patients and carers (3–5) and impacts on national economies (6).

While stroke has the highest prevalence, other neurological conditions such as Multiple Sclerosis (MS), Spinal Cord Injury (SCI), and Traumatic Brian Injury, have a significant incidence and there are often similarities in presentation, and treatment and therefore assessment. The worldwide incidence of SCI is 40–80 cases per million population and the estimated European mean annual rate of MS incidence is 4.3 cases per 100,000 (7). Recently, Kister et al. (8) reported that 60% of people with MS have impaired hand function. The impact of upper limb dysfunction on ADL is higher than in stroke, as both sides are often affected (9). Although dysfunction after SCI depends on level of injury, upper limb function is consistently cited as a health priority. The incidence rate of TBI in Europe is about 235 per 100,000 population (10). Outcome data among European countries are very heterogeneous. From the US however, it is known that about 1.1% of the population suffer a TBI resulting in long term disability (11).


Rationale

Providing evidence-based and cost-effective upper limb rehabilitation is a priority for patients and healthcare services and is increasingly important because of the growth in new technology-based interventions designed to augment conventional occupational therapy and physical therapy. Outcome data are key to delivering best practice and identifying which interventions are effective. To design trials that will deliver unequivocal results, so that useful, and only useful interventions can be translated into clinical practice and delivered optimally, we need to understand the complexity and interaction between patient and intervention. To do that requires a large amount of comparable data—i.e., data generated from an agreed small set of valid outcome measures (OM) using agreed protocols. By standardizing OM and protocols, aggregated data can be mined to generate a better understanding of what interventions are effective, at what dose, when, with whom and in what setting they should be used. This will enable clinicians to make better informed decisions and thus improve patient outcomes. Agreed, widely used, valid and practical OMs and assessment protocols are important in research into and treatment of all neurological conditions, but may be particularly important in conditions where incidence is lower and therefore data sets smaller.

Guidelines on best practice aim to improve treatment standards, including rehabilitation, and directing future research. And, as we argue above, OMs are key to achieving that goal. It would seem reasonable therefore that clinical guidelines would be a source of guidance on selection of OMs and protocols for their use. In this study, we have therefore systematically reviewed recent and current guidelines on stroke, MS, SCI, and TBI. We have excluded all other neurological disabilities such as Parkinson's Disease and cerebellar ataxia as the assessment protocols and tools for these conditions are very different. We have extracted recommendations on assessment in terms of outcome measures (OM), frequency of assessment and who should conduct assessments, when and with what purpose.



Objectives

This study is one of three components in the development of European Guidelines on assessment of the upper limb in neurological conditions. Two studies have already been published: A Delphi study which reported the views of experts (12) and an overview of systematic reviews of OMs (13). The project was driven by a realization that progress in upper limb neurological rehabilitation research and consequently improvement in quality of care was hampered by the absence of consensus on OMs and protocols for assessment. To conduct effective metanalysis requires multiple clinical studies to use the same measures using comparable protocols, and for the same OMs to be used in clinical practice. Practice guidelines are an obvious source of information on useful measures and protocols for assessment. The objective of this study was therefore to explore published and web-based guidance and to extract and synthesize recommendations on assessment measures and protocols for assessment of upper limb function for people with neurological conditions.



Research Question

Our research question was: What recommendations are made by international clinical guidelines for the assessment of the upper limb in neurological conditions?




METHODS


Study Design and Search Strategy

Published studies were identified through Pubmed and Evidence Search databases (MEDLINE in Ovid, Embase, CINAHL, AMED, Web of Science, PEDro and Google Scholar) for the period from January 2007 to December 2017. The search strategy comprised the following medical subject heading (MeSH) terms: stroke, multiple sclerosis, spinal cord injuries and neurological rehabilitation with filters for guidelines, recommendations, practice guidelines and consensus development conference. The search was as follows (((((“Stroke”[Mesh]) OR “Multiple Sclerosis”[Mesh]) OR “Spinal Cord Injuries”[Mesh]) OR “Traumatic Brain Injury”[Mesh]) OR “Neurological Rehabilitation”[Mesh])) AND (((Practice Guideline[pt] OR Recommendation OR Guideline[pt] OR Consensus Development Conference[pt])) AND (“2007/01/01”[PDat]: “2017/12/31”[PDat])). Using the search engine Google, applying the terms “[nation],” guideline, “stroke,” members of the COST action searched for their National Stroke Guidelines in their respective languages: UK, Netherlands, Italy, Spain, Germany, Switzerland, Sweden and Estonia. Using the same terms, we also searched, in English for any other National Guidelines from any country for stroke, SCI, MS, TBI or Neurological Conditions. Additional records were also identified through other sources, especially references from the retrieved records.



Systematic Review Protocol and Data Extraction

Two review authors (JB and AH) independently screened references for relevance based on their abstract, and methodological quality, where there were any disagreements the wider group were consulted. Records were only included in the review if they referred to upper limb “assessment” or “measurement” and “physical rehabilitation” of “neurological disorders” and were either a “National Guideline” or either “practice guideline” or “recommendations” published in a peer-reviewed Journal. Additional studies were identified from references within the records and, where they satisfied these criteria were included in the review. Although our interest was primarily in upper limb assessment, the guideline literature usually encompassed the broad topic of assessment, i.e., both upper and lower limb, activities of daily living and impact on quality of life. Such articles were screened, but only included for further review when guidelines on upper limb assessment were included. We did not use a standard tool to assess quality. Records that satisfied the criteria for inclusion were then categorized by two independent authors (AH and JB) into: National guideline; other practice guidelines or recommendations published in peer-reviewed journals or web-based resources and then by condition into: stroke; multiple sclerosis (MS); Spinal cord injury (SCI), traumatic brain injury (TBI) or “other neurological conditions.” Each record was then reviewed (LM, JB and AH). Data were then extracted from each record and tabulated.



Data Analysis

Based on the review a classification structure (see below) was designed to reflect the relevant areas in which recommendations were made.

Classification structure:

1. Why assessment is important

2. When during the rehabilitation should assessment be conducted

3. Clinical Utility—who should conduct the assessment

4. Single vs. multiple OMs within the ICF Framework

5. Assessment of body function and structures (impairment) and activity

6. Assessment of Activities of Daily Living (ADL) and participation

7. Psychometric properties and appropriateness of OMs

8. Self-Efficacy and goal orientated measures—assessment integrated into therapy.




RESULTS

The records retrieved for the review and the results of the selection process are shown in the flow diagram (Figure 1).


[image: image]

FIGURE 1. Flow diagram of the studies retrieved for the review.




Study Selection Characteristics

Our primary aim was to review and synthesize recommendations for the selection and use of upper limb OMs (both conventional and technology-based) in neurorehabilitation. Our search identified no records that focussed exclusively on the UL and the majority made only brief reference to either assessment or measurement tools (14–18). Where reference was made to measurement there was explicit consensus that measures should follow the World Health Organization (WHO) International Classification of Function (ICF) framework (19, 20).



Synthesized Findings

Of the 34 publications included in the review only six (two National Guidelines)

recommended specific measures of body function and structures, activity and participation (14, 15, 17, 18, 21, 22). Seven recommended global scales but gave no specific measures for the upper limb (23–28). Most National Guidelines focussed on service delivery. Some acknowledged that standardized OMs are required for effective neurorehabilitation, without reference to specific tools or how they should be chosen. The need for OMs that encompass all domains of the ICF was agreed.

Nine publications referred to the importance of global or upper limb assessments being conducted by appropriately trained or qualified healthcare professionals (HCP) (22, 29–36). Protocols for and timing of assessment was only included in four records (17, 21, 22, 37). In total, reviews identified 47 different global and upper limb specific OMs, but only one referred to effectiveness, validity or reliability of the recommended measures (17).

Fourteen National Guidelines were included in the review (Table 1) from the following countries: The Netherlands, Sweden, UK (4), Scotland (2), Estonia, South Africa, Singapore, Australia, New Zealand and the USA. National guidelines were condition specific: 11 stroke, 1 brain injury, 1 SCI and 1 MS. National Guidelines provided the most comprehensive and broad recommendations. All National stroke guidelines except the South African (33) and Swedish (55) make some reference to assessment, but in almost all cases it was brief, non-specific and not related either to rehabilitation or the UL. There were two exceptions to this.



Table 1. Summary of the National Guideline records included in the review.
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The Dutch National guideline (17), provided very comprehensive recommendations on the diagnostic process and included recommendations for specific tools, within each ICF domain, that should be used for diagnosis—to allow informed clinical decision-making; to predict recovery and to assess progress. Recommendations are summarized as follows: Any patient with a stroke should be systematically assessed in terms of body functions, activities, and participation prior to the start of the physical therapy process, preferably using reliable, valid, and responsive measurement instruments. These measurements should be administered at predefined moments during the physical therapy process, in order to objectively monitor the patient's clinical course. Basic upper limb measurement should include: muscle strength, dexterity and ADL. Tools were selected by the guideline development team on the basis of their reliability, responsiveness, predictive and construct validity, and finally their practical feasibility. They make recommendation for future practice: “many publications fail to report follow-up data, and if they do, the timing of follow-up assessments varies widely. This means that the long-term added value of nearly all interventions is unknown.” It is suggested that “frequent and systematic assessment of functional changes over time (monitoring)” is an important factor contributing to higher quality of care. They recommend considering measures before each multidisciplinary meeting.

The US National Guideline (14) also makes comprehensive recommendations on assessment for best clinical practice. It acknowledges the need for a single assessment used throughout the course of stroke recovery, referring to measures of body function/structure and citing the upper limb motor section of the Fugl-Meyer scale or the Box and Block Test for measuring arm motor deficits. The Australian Guideline (38), focuses on interventions, but recommends assessment using valid measures, although without reference to physical assessment of the upper limb. The New Zealand (60) guideline makes recommendations on all aspects of stroke management and prevention based on level of evidence, expert opinion and clinical experience, however, the only reference to assessment is in relation to acute care and of people who want to return to work.

Six UK Guidelines (of which two were Scottish) were found: three for Stroke (16, 28, 61), one for SCI (54), one for brain injury (62), and one for MS (32). The Royal College of Physicians (RCP) stroke Guideline is a comprehensive guideline for best clinical practice. The RCP Guideline considered the general principles of measurement in stroke rehabilitation, for example the importance of measuring function and understanding which domain of the WHO ICF framework an instrument is measuring. It states that instruments should be appropriate to the intervention in question and clinicians should be trained in the use of measurement scales to ensure consistent use within the team. The National Institute of Clinical Excellence (NICE) recommendations (28) guidelines were mainly concerned with the organization of health and social care and specifically the delivery of best practice. Specific recommendations were: screening on admission and on transfer from hospital to community using the WHO ICF to provide information on functional abilities; use of standardized screening instruments; treatment and assessment should be provided by HCPs who have appropriate skills and training and patients should be assessed and fitted for wrist and hand splints by trained HCPs. The third UK guideline on MS makes no reference to upper limb problems, however does specify that assessments should be conducted by a “healthcare professional with appropriate expertise in rehabilitation and MS.” The fourth UK Guideline, on SCI (63) also makes no reference to upper limb assessment, focusing only on medical assessment except for brief reference to the need for a musculoskeletal assessment including spasticity, joint range of movement, and pain. Neither the Singapore (56) nor the Swedish (55) Guidelines make recommendations on assessment. The Singapore Guidelines 1(56) state the importance of assessment in acute stroke, giving recommendations, but make no reference to assessment in rehabilitation. Although not an official National publication, we have included the Canadian Web-based Stroke Rehabilitation Evidence-Based Review SREBR guidelines1 which provide comprehensive recommendations on assessment and present level of evidence for a wide range of clinical scales. The SREBR consolidates the best available scientific evidence for the effectiveness of stroke rehabilitation and is an excellent resource. The review is constantly updated and includes a substantial section on OMs. The SREBR used the ICF Framework and in addition to the usual measures of reliability and validity, also considered appropriateness and responsiveness (floor and ceiling effects), precision, interpretability, acceptability, feasibility, and the thoroughness of testing. The scope is very wide, including tests for cognition, depression etc. It does not address upper limb assessments per se, but includes a number of UL focussed impairment and activity measures, which are scored in each category.

Nineteen other articles were included in the review (Table 2). Peer review articles were generally less comprehensive than the National Guidelines and often focused on a specific area of neurological rehabilitation, for example Occupational Therapy or tele-rehabilitation. They were however more focused on upper limb OMs and some gave recommendations for specific measures.



Table 2. Summary of the peer reviewed and practice guideline records included in the review.

[image: image]




In total, 51 outcome measures were recommended, of which 39 addressed stroke (76%), 5 TBI (10%), 3 SCI (6%), 1 MS (2%). Four outcome measures (8%) were recommended without specifying which pathology it should be used for. Regarding stroke guidelines, the most frequently recommended OMs were NIHSS (5), FIM (4), Barthel Index (3), and FMA (3). For the other pathologies, recommended OMs were scattered across different OMs.

We have synthesized recommendations made by the National Guidelines and published articles under the following headings: Why, when and by whom assessments should be conducted and what should be measured.

Why Assessment Is Important

“Not Everything That Counts Can Be Counted” (81) but without valid, reliable and sensitive measures that are meaningful to patients, clinicians and researchers our field cannot advance. We will not know what works, when or with whom. Neurological rehabilitation is complex in terms of both patients and intervention (26, 57) There are few interventions or conditions for which there is a single measure as there is for example in testing a new drug for hypertension. Winstein (14) acknowledges the challenge faced in assessing services, patient outcomes and effectiveness of neurological rehabilitation stating that: “the array of rehabilitation services delivered to stroke patients in the United States is broad and highly heterogeneous, varying in the type of care settings used; in the duration, intensity, and type of interventions delivered.” and that this “brings with it challenges in terms of determining the quality of care delivered by the system” and “in terms of assessment of which research findings…are applicable to the system.” Alexander (78) identified the need for agreed measures in their multi-disciplinary study of current and evolving tools for evaluating people with spinal cord Injury (SCI), reporting that none of the findings of major clinical trials of new interventions had translated into standard care and argued that to achieve translation, “agreed, appropriate and valid primary end points and intervention protocols are needed.”

When During the Rehabilitation Period Should Assessments be Conducted?

Nine publications (seven stroke) referred to timing of assessments in relation to rehabilitation recommending soon after admission and on transfer of care. Beyond that there was wide variation, particularly in frequency of assessments. The Dutch Guidelines recommended that patients were assessed within 1 week of admission and discharge (or when transferring treatment to another colleague) and at the end of the 1st week, 3rd and 6th month post-stroke. They also recommended considering measures before each multidisciplinary meeting. The NZ guidelines stated that patients should be assessed when treatment choices were being made, as assessments were fundamental to measuring deficits, planning goals, and planning management. It recommended that all assessments occurred as soon as possible after admission (aiming for within the first 2 days) with the stroke team working together so as not to overburden the patient by duplicating questions.

The COT and ACPIN Report (82) was concerned with splinting and suggested that specified outcomes should be recorded at baseline and at defined intervals, but they did not suggest what these should be (25). Winstein (14), recommends that “all patients should undergo a formal assessment of their rehabilitation needs before discharge” and Finlay (21) recommend that physiotherapy assessments be carried out within 24–48 h of admission and that the assessment should include pre-admission mobility and motor dysfunction. The Canadian best practice guidelines state initial screening and assessment should be conducted within 48 h by rehabilitation professionals.

There were only two publications which referenced timing of assessment in MS and SCI, The American Physical Therapy Association Neurology Section task force recommended using OM to track MS patient status over a long-term period or as patients transition across settings (71). The Guidelines and Audit Implementation Network (GAIN) recommends PT and OT therapy assessments (pain, motor and sensory dysfunction) for SCI should be carried out within 24–48 h of admission and prior to discharge.

Clinical Utility—Who Should Conduct the Assessment

A strong consensus was found in favor of assessments being conducted by appropriately trained HCPs. Patients with difficulties in performance of daily activities should be assessed by a clinician trained in the use of whichever scales are chosen to ensure consistency of their use within the team and an understanding of their purposes and limitations (60). This view is supported by (34) recommending that clinicians obtain not only training to establish administration and scoring consistency, but also, routine retraining to ensure they maintain this consistency (71). They highlight the fact that although OMs have benefits in physical therapist practice multiple barriers interfere with their use, most notably, a limited understanding of how to select and apply the best OM.

Single vs. Multiple and Specific OMs, Within the ICF Framework

No records recommended a single OM with the exception of Winstein (14) who suggested the use of a computerized questionnaire called the “Activity Measure for Post-Acute Care” as an outcome measure for all stroke patients to “track stroke rehabilitation outcome.” Billinger (72) suggested that accelerometery was likely to be used as an OM for future clinical trials as it measured changes in free-living physical activity and compliance with exercise programmes.

There was consensus between the Dutch, UK, and US guidelines that patients should be assessed in each domain of the ICF framework, but conflict between using a single measure to enable progress to be monitored throughout recovery and multiple measures to allow for changes in setting, goals and ability levels. The US guidelines recommend multiple OMs whereas the most recent stroke guidelines from the UK National Institute for Health and Care Excellence (NICE) (28) recommend primary and secondary OMs, with the primary assessing function and secondary including measures of impairment, activity limitation and quality of life. The Scottish Intercollegiate Guidelines Network (26) recommended using a range of assessment tools to assist goal-setting. Multiple OMs were often recommended (14, 15, 17, 21, 71) arguing, for example, that it would be challenging to select only 1 or 2 OMs for use with all people with Motor Neurone Disease (MD) and Multiple Sclerosis (MS) (83, 84) due to variation in disability levels and treatment in a variety of settings. Ontaneda (73) concurred, recommending different OMs for people at different stages of MS and the RCOT (85) agreed with (71) that a “one size fits all” intervention with a single outcome measure was of limited, if any, value. The SIGN TBI guideline (26) stated that because rehabilitation interventions usually target multiple or complex outcomes, and because individual goals vary, a single measure may be impossible or inappropriate.

Assessment of Body Function and Structures (Impairment)

The US Guidelines were skeptical about the use of measures in the body structure and function (impairment) domain of the ICF framework, considering that the psychometric properties of tools had not been established. They referred specifically to measures of spasticity/hypertonicity citing the equivocal evidence for validity and inter-rater reliability for the Modified Ashworth Scale. The VA/DOD Guidelines (22) however, made very strong and clear recommendations for measuring motor function both at the impairment (ability to move in a coordinated manner in designated patterns) and at the activity level (performance in real life or simulated real life tasks) using assessments with established psychometric properties.

In terms of measuring spasticity, Miller et al. (34) acknowledged the problem of validity and interrater reliability of the most commonly used Modified Ashworth Scale, but that other spasticity measures reported in the literature have problems with respect to clinical feasibility and the range of joints that could be assessed. Alexander (78) was one of the few to discuss the use of electrophysiological measurements such as Electromyography (EMG), Motor Evoked Potentials (MEPs) and Somatosensory Evoked Potentials (SEPs) to assess spinal conductivity and spasticity in SCI. Hachinski (35) was one of the few records to refer to the need for assessments to measure the mechanisms of recovery. It reported the consensus of a “Synergium,” commissioned to finding new ways of accelerating progress in reducing the risks, effects, and consequences of stroke.

Assessment of Activities of Daily Living (ADL) and Participation

While upper limb function has a significant impact on ADL, QoL and participation, it is beyond the scope of this review to consider in detail the recommendations for OMs in these categories, especially as they do not specifically assess the upper limb. The Dutch guidelines, however, proposed a range of measures to assess factors that may impact on recovery of UL function and therefore ability to participate in everyday life (17).

Psychometric Properties and Appropriateness of OMs

The Australian Guidelines recommended that Clinicians use tools that meet the needs of the patient and are valid and reliable in the stroke population. The NZ guidelines added that while, because of the enormous variety of assessment tools and measures, they did not make specific recommendations, it was important to choose a specific tool based on the validity (in a stroke population), reliability, and availability. Miller (34) recommended standardized, valid and reliable test procedures to document the severity of upper and lower limb impairment and to document the levels of assistance needed for mobility. Alexander (78) emphasized the importance of using measures that were valid, reliable and sensitive in the SCI population and concluded that further work was needed on existing measures to identify the most appropriate tools for specific targets. Finlay (21) directed the reader to The Rehabilitation Measures Databases2 both of which provide information on a wide range of useful assessments and OMs. These are excellent repositories of measures, providing information on conditions where they might be used, availability, time taken to complete the tests, training required to conduct them and links to references, some of which include data on psychometric properties. They do not, however, make recommendations per se.

Self-Efficacy and Goal Orientated Measures—Assessment Integrated Into Therapy

The RCP (16) recommended that people with stroke should be helped to identify goals with specific, time-bound and measurable outcomes, but does not recommend specific measurement tools to assess whether goals have been achieved. There is a clear distinction between measuring what a person “can do” and what they “do do.” Many of the standardized, recommended and commonly used measures of impairment and activity do not address the latter, whereas Patient Reported Outcome Measures (PROMs) and measures of self-efficacy, focus on what the patient actually does (or reports doing) in their day-to-day life. In relation to this, Ataxia UK (24), stated that OMs should focus on engagement and satisfaction because a tool that measures impairment does not always demonstrate effectiveness. The Management of Stroke Rehabilitation Report (22) recommended both a self-report measure (e.g., the Motor Activity Log) and an objective measure (e.g., accelerometry) to assess daily use of the affected upper limb and also as a motivational or self-management tool for participants taking part in clinical trials (72). Despite these recommendations, the review of OMs used in (neurorehabilitation) limb splinting evaluation studies, conducted by the Royal College of Occupational Therapy (RCOT) and Association of Physiotherapists in Neurology (ACPIN), found that patient satisfaction was the least common OM used (82).



Risk of Bias

Data sources were predominantly English language, which may have biased the main findings. However, in mitigation, as authors, who were members of the COST Action, covered several languages we were able to search for (and include) National Stroke Guidelines in a range of languages. Differences in health care systems worldwide may also have been a source of bias reflected in the recommendations made in the primary publications.

Finally, the quality of identified guidelines was not evaluated with a standard tool such as AGREE II (Appraisal of Guidelines for REsearch and Evaluation). AGREE generates summary scores, in which all items and domains have equal weight. This tool is useful in judging the quality of the Guidelines and was used in Jolliffe et al.'s recent systematic review of Clinical Guidelines for Stroke and other Acquired Brain Injuries (86). However, their aim was to identify high quality guidelines, whereas ours was more specific; to “identify what recommendations are made for upper limb assessment.” Instead we therefore used descriptive analysis to identify evidence-based consensus on upper limb assessment across multiple pathologies to generate an in-depth knowledge of the quality and content of each guideline.




DISCUSSION


Summary of Main Findings

Our review of National Guidelines and published articles on recommendations for OMs in UL rehabilitation following Stroke, MS, SCI, and other neurological conditions has identified some areas in which there is a clear consensus. For example, that assessment is important in neurological rehabilitation, should encompass all domains of ICF Framework and that, with one exception, multiple OMs should be used. Where recommendations included protocols for use of OMs, there was no disagreement to the following: they should be applied by HCPs who are trained to use them and at regular intervals during the rehabilitation pathway. Although intervals vary, global measures are recommended within 24 h of admission and UL specific measures within 1 week. All published articles and Guidelines recommend early assessment and assessment prior to discharge, while many recommend far more frequent assessments. The importance of linking assessment to goal-setting (24, 57, 61), the use of measures to encourage and motivate patients (24) as well as the importance of patient reported outcome measures (PROMS) (22) was evident. These recommendations reflected recognition of the importance of self-efficacy and independence and PROMS to assess what a patient actually does rather than can do is important. What we found lacking was recommendation to use specific outcome measures for which validity and reliability have been demonstrated. There was also lack of consensus on which measures should be used; although there was more agreement about global measures of participation and ADL than UL specific measures of impairment and activity limitation. The FIM for example is recommended in six reviews.

There was very little agreement across the Guidelines about what outcome measures should be used, even within pathologies and the categories of the ICF (Table 3). Even regarding the condition for which the majority of OM recommendations were made (76%), stroke, guidelines fail to agree on a specific set of OMs to be used. The most frequently recommended OMs in stroke guidelines were three global stroke OMs (NIHSS, FIM, Barthel Index) and only 1 specific upper limb OM (FMA). Two of those regarded OMs on Activity level (global), NIHSS, and FIM, between which no consensus was apparent either.



Table 3. Frequency with which different outcome measures were recommended in total and for each pathology included in the review.
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Without an internationally agreed core set of outcome measures that satisfy the requirements identified in this review, progress in neurorehabilitation will remain hampered and data will be wasted. From the research perspective, it is well-known that clinical trials of conventional and novel interventions are expensive, often return equivocal results and frequently fail to recruit adequate samples of patients. An important way that we can advance the field of neurorehabilitation, gain a better understanding of the recovery processes and disease progression and understand what works, with whom, when and in what dose is through meta-analysis of multiple trials, audits and longitudinal studies. Meta-analysis can only be done effectively if common outcome measures have been applied. Lack of meta-analyses impacts not only research into effectiveness of existing and novel therapies but also in delivering best practice.

National strategies and frameworks continue to emphasize the need for informed decision making in healthcare that are research led and evidence-based, yet the UK, Australian and US National Clinical Guidelines for Stroke indicate that there is limited research to assess efficacy of rehabilitation technologies, either individually or in combination (14, 16, 31).



Limitations

This systematic review has explored “National Guidelines,” or “practice guidelines,” and “recommendations” published in peer-reviewed journals, focusing on assessment of the UL. We did not generate quantitative data, conduct a statistical analysis or use a standardized tool to assess the quality of the publications (see section on risk Bias above). We included all guidelines that satisfied our criteria and have not provided critical analysis of the quality of each publication.




CONCLUSION

Clinical practice guidelines provide very little specific guidance on assessment of the UL, even within ICF domains and/or pathology-specific recommendations. Agreement on a core set of OMs is not achieved by systematic reviews of guidelines such as this, predominantly due to a lack of explicit OM recommendations in most of the identified guides. Nevertheless, our extensive and rigorous review has provided a comprehensive summary of current recommendations, and therefore arguably current use of OMs. Defining a core set of measures and agreed protocols requires international consensus between experts representing the diverse and multi-disciplinary field of neurorehabilitation. The group should include representation from research and clinical practitioners as well as rehabilitation technology researchers and commercial developers, so that recommendations are made cognoscente of the future potential for technology in assessment and neurorehabilitation. If such a consensus was achieved, a standardized approach to assessment would make research findings more meaningful and provide a benchmark for quality in clinical practice and potentially improved standards and more cost-effective neurorehabilitation. Our review has identified agreement that assessment is critical and should encompass body function and structure, activity and participation and that there is a need for standardized measures.
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Knowledge gaps exist in how we implement aerobic exercise programs during the early phases post-stroke. Therefore, the objective of this review was to provide evidence-based guidelines for pre-participation screening, mobilization, and aerobic exercise training in the hyper-acute and acute phases post-stroke. In reviewing the literature to determine safe timelines of when to initiate exercise and mobilization we considered the following factors: arterial blood pressure dysregulation, cardiac complications, blood-brain barrier disruption, hemorrhagic stroke transformation, and ischemic penumbra viability. These stroke-related impairments could intensify with inappropriate mobilization/aerobic exercise, hence we deemed the integrity of cerebral autoregulation to be an essential physiological consideration to protect the brain when progressing exercise intensity. Pre-participation screening criteria are proposed and countermeasures to protect the brain from potentially adverse circulatory effects before, during, and following mobilization/exercise sessions are introduced. For example, prolonged periods of standing and static postures before and after mobilization/aerobic exercise may elicit blood pooling and/or trigger coagulation cascades and/or cerebral hypoperfusion. Countermeasures such as avoiding prolonged standing or incorporating periodic lower limb movement to activate the venous muscle pump could counteract blood pooling after an exercise session, minimize activation of the coagulation cascade, and mitigate potential cerebral hypoperfusion. We discuss patient safety in light of the complex nature of stroke presentations (i.e., type, severity, and etiology), medical history, comorbidities such as diabetes, cardiac manifestations, medications, and complications such as anemia and dehydration. The guidelines are easily incorporated into the care model, are low-risk, and use minimal resources. These and other strategies represent opportunities for improving the safety of the activity regimen offered to those in the early phases post-stroke. The timeline for initiating and progressing exercise/mobilization parameters are contingent on recovery stages both from neurobiological and cardiovascular perspectives, which to this point have not been specifically considered in practice. This review includes tailored exercise and mobilization prescription strategies and precautions that are not resource intensive and prioritize safety in stroke recovery.
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INTRODUCTION

Approximately 13.7 million strokes occur worldwide every year–almost 38,000 per day (1). About one third of strokes are fatal, and another third leave survivors with permanent disability. Animal studies show favorable effects of early aerobic exercise interventions, which take advantage of the optimal time window for neural repair (2). However, little is known about the efficacy and safety of mobilization and aerobic exercise for augmenting or prolonging neural repair in the hyper-acute (0–24 h) and acute phases (1–7 days) post-stroke in humans [see Table 1 for definitions of phases post-stroke (3)]. While initiating exercise earlier in recovery may be beneficial, there is little evidence to justify the safety of early interventions with respect to neurobiological changes that could impact stroke volume, cell death, inflammation, or oxidative stress. Indeed, considerable preclinical evidence indicates it is not safe in the hyper-acute phase (4–7). Yet in clinical practice, patients are being mobilized within 12 h of admission, and aerobic training is being prescribed during in-patient rehabilitation (8–13) despite there being no guidelines for the safe prescription of intensity, duration, progression, and modality parameters during this time period (14).


Table 1. Timeframes for phase of stroke.

[image: Table 1]


Mobilization

Most contemporary stroke care guidelines and position papers advocate against “high-dose” or “intensive” out-of-bed activities within 24 h of stroke onset (15–19). The A Very Early Rehabilitation Trial (AVERT) played a key role as the results demonstrate a neutral or potentially negative effect of mobilization initiated within the first 24 h (20). Unfortunately, specific recommendations over and above the timing of the intervention are not provided in any set of guidelines. United Kingdom (UK) guidelines advise that mobilization within 24 h of onset should only be for patients who require little to no assistance (17). The guidelines further suggest that those with difficulty moving early after stroke, but who are medically stable, should be offered frequent, short daily mobilizations (sitting out of bed, standing, or walking), typically beginning between 24 and 48 h of stroke onset. Canadian guidelines advocate that frequent, out-of-bed activity within 24 h of stroke onset is not recommended, but that mobilization may be reasonable for some patients (18). Similarly, the National Institute for Health and Care Excellence guidelines recommend that, based in part on the committee's clinical experience, people who do not need help to sit out of bed, stand or walk, should be mobilized (sit, stand, or walk) in the first 24 h after symptom onset as the clinical condition permits, otherwise citing evidence suggesting that initiating high-intensity mobilization should not be offered in this time frame (21). Neither the UK nor Canadian guidelines defines what constitutes “high-dose,” “intensive,” or “frequent” mobilization. In addition, details on pre-participation health screening, contraindications to mobilization, and safe progression are minimal or absent. These recommendations have not considered the temporal biological changes occurring in the brain during recovery or how types of mobilization such as sitting, standing, and walking can affect these processes.



Aerobic Exercise

Best practice guidelines are less clear in terms of aerobic exercise training. They indicate that given the potential benefits of aerobic exercise, little justification exists for not incorporating aerobic exercise into the care of the majority of cases once the individual is medically stable (22). They do acknowledge, however, a dearth of evidence regarding safety and effects of aerobic exercise prescribed in the acute phase post-stroke. As with mobilization, pre-participation screening criteria, cautions, considerations, and recommendations for intensity or other parameters of the exercise program in the hyper-acute and acute phases post-stroke represent gaps in knowledge.

Herein, we review the literature to advance consideration on the appropriate timing for the initiation of mobilization and aerobic exercise. We conduct a focused examination of the literature to determine the rate of recovery of arterial blood pressure (BP) dysregulation, cardiac complications, blood-brain barrier disruption, hemorrhagic stroke transformation, and ischemic penumbra viability. We contrast this to an estimate of when cerebral autoregulation (CA) is sufficiently restored so as to protect the brain from these possible disruptions that could be intensified with mobilization and aerobic exercise. We review the outcomes and methodology of studies that address the effects of mobilization and aerobic exercise in the hyper-acute and acute stages of stroke that help to inform a safety and efficacy framework. We also discuss countermeasures to protect the brain from exposure to potentially adverse circulatory effects before, during, and following exercise/mobilization sessions. Because neurobiological and cardiovascular recovery continues beyond the acute phase in some cases, our safety related recommendations may extend to the early subacute phase of recovery (7 days to 3 months).




PERIPHERAL AND CEREBRAL CIRCULATORY CONSIDERATIONS FOR EXERCISE AND MOBILIZATION

Peripheral and cerebral circulatory changes that occur from the hyper-acute to early subacute phase post-stroke can leave the brain vulnerable to possible adverse effects of mobilization and physical activity-induced perturbations. Mobilization and aerobic exercise, depending on the intensity and type, result in rising noradrenaline and adrenaline plasma concentrations that increase systemic BP (23–25) that can be passed onto the vulnerable cerebral circulation. Within this context, awareness of the post-stroke status of CA, the blood brain barrier (BBB), and resting systemic BP regulation is critical. Hemorrhagic stroke warrants additional considerations, such as stroke progression and hematoma expansion following an intracerebral hemorrhage (ICH) and delayed ischemia and vasospasm following a subarachnoid hemorrhage (SAH). Insight into the progression and severity of these impairments can guide the timing of initiation, the intensity of activity, the level of implementation of the suggested strategies, and when the strategies can be gradually reduced or phased out.


Cerebral Autoregulation Impairment Following Stroke

The importance of CA in the early phases post-stroke is evident from studies on final infarct size and neurological outcome (26–28). The classic view of CA is a static paradigm which describes the regulation of stable cerebral blood flow (CBF) over a wide range of perfusion pressures (~50–150 mmHg), although the nature of the CBF “plateau” and limits of BP within which CBF is regulated has recently come under scrutiny (29). In contrast, dynamic CA characterizes the cerebrovascular response to dynamic changes in blood pressure (30). Compelling evidence shows that CA can be impaired in the early phases following ischemic, intracerebral, and subarachnoid hemorrhagic strokes, and that restoration of normal CA function take up to 3 months post-stroke (26, 31–40). This implies that in the early phases post-stroke the brain may not be fully protected from fluctuations in BP that occur with mobilization or aerobic exercise. Poor CA appears to be associated with damage to the neurovascular unit and consequently threatens survival of neurons and glial cells (41, 42). While this sequelae is largely untested in humans, it is prudent to consider the clinical implications.


Ischemic Stroke and Cerebral Autoregulation

Knowledge of the temporal profile of CA recovery would help in estimating when the brain is adequately protected from BP fluctuations associated with mobilization or exercise. Collectively, studies (described in detail in the Supplementary Materials) suggest impaired CA at baseline with worsening in the first 1–2 weeks and recovery by ~3 months post-ischemic stroke (see Figure 1). However, a limitation of the reviewed studies is the lack of measurements conducted between 1 and 3 months and thus recovery may occur earlier.
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FIGURE 1. Progression of mobilization and aerobic exercise intensity in relation to estimated neurobiological and cardiac recovery post-stroke: a conceptual model. Aerobic exercise can ideally increase in intensity as a function of elapsed time post-stroke and should be guided based on cardiopulmonary fitness measures such as the anaerobic threshold (Ath). Safe and recommended periods to introduce exercise/mobilization post-stroke are shown here as varying by cardiac and neurobiological recoveries. Impaired cerebral autoregulation after ischemic stroke is listed here as the longest time to recovery. Recovery is based on available evidence.



Association between cerebral autoregulation impairment and clinical outcomes

CA impairment contributes to poorer outcomes following ischemic stroke, including higher all-cause mortality and larger infarct size (26, 43). In a pooled analysis of two data sets (n = 45 ischemic stroke patients), impairment in CA around day 6 post-stroke was associated with poorer 4-month clinical outcome measured by the modified Rankin Scale (mRS) (27). In a separate study (n = 46), impaired CA very early (<6 h) post-stroke was associated with hemorrhagic transformation and cerebral edema at 24 h (28). Moreover, Castro et al. demonstrated that poorer efficacy of dynamic CA within 6 h of ischemic stroke resulted in larger infarct volumes at 24 h and poorer neurologic outcomes at 3 months measured by mRS (n = 30) (26). In fact, the odds of living independently (mRS 0–2) at 3 months were 14-fold higher when CA had recovered at 6 h post-stroke. This study was especially important as it suggests that impaired CA is not just a reflection of the severity of the stroke at baseline, but predicts adverse outcome independent of baseline National Institutes of Health Stroke Scale (NIHSS) score and age (26, 44).



Impaired cerebral autoregulation, hypotensive episodes, and the ischemic penumbra

The brain has less protection against acute episodes of hypotension than hypertension following stroke (type not specified) and brain injury (45–48). These findings are provocative and intriguing; they challenge a conventional safety concern of the hypertensive response when it comes to monitoring BP as a clinical indicator for safe exercise and mobilization. Preventing hypotensive episodes may be a greater safety concern than previously thought. Hypotension can occur after prolonged inactive standing and upon cessation of an exercise session (i.e., post-exercise hypotension). It is sensible to assume that the combination of reduced BP and poor CA can potentially foster hypoperfusion. The fate of the ischemic penumbral tissue surrounding the stroke core is one aspect of acute stroke management where low BP is a well-established hazard and for which transient hypotensive episodes could play a role. Whether the penumbral tissue succumbs to the necrotic core will depend on cerebral perfusion pressure and collateral supply (49). This potentially salvageable ischemic penumbra exists for at least 24 h post-stroke and can persist for days [for review (50–53)]. Compromised cells may recover if conditions are ideal, however hypotension, stress, and other challenges could cause their demise. While the effects of repeated hypotensive episodes related to activity (e.g., posture change, prolonged standing, post-dynamic exercise) have not been examined post-stroke, strategies to mitigate their occurrence should be considered. Precautionary guidelines are provided in Tables 4–6.




Intracerebral Hemorrhage and Cerebral Autoregulation

While fewer studies have assessed CA following ICH compared to ischemic stroke, the evidence suggests there is little to no CA impairment at baseline, worsening from days 3–12, and recovery by ~1 month post-ICH (see Figure 1; described in detail in the Supplementary Materials). A limitation is that there is a dearth of measurements conducted between days 12 and 30 thus recovery could occur earlier than 1 month.


Impaired cerebral autoregulation, association with clinical outcomes, and recovery time

While ICH is not associated with a penumbra at risk for further infarction (as in ischemic stroke) (69), hematoma expansion can occur in the first 24 h (as observed in 39 of 103 patients) (70) and may be exacerbated by less intense BP management (i.e., allowing higher BP) (71). This is likely mediated by lack of cerebral protection that under normal circumstances is offered by CA. Indeed, poorer CA is documented at 3–5 days post-ICH, and is associated with poor clinical status, ventricular hemorrhage, lower cerebral perfusion pressure, and worse functional recovery at 90 days (n = 26) (72). In a larger study (n = 43), impaired CA at days 4–6 was a predictor of poorer mRS at 90 days. This association was independent of the hematoma location, ICH volume, BP, neurological status (NIHSS), age, and sex (31). Given the adverse effects of higher systemic BP on hemorrhage expansion early post-ICH when CA is impaired, elevations in BP during mobilization and/or exercise could further exacerbate hematoma expansion.




Subarachnoid Hemorrhagic Stroke and Cerebral Autoregulation

The exact time course of CA recovery following SAH is not known. The available evidence (described in detail in the Supplementary Materials) suggests a recovery profile that features impairment through days 1–4 that gradually deteriorates, in some cases, before recovering by days 10–14 post-stroke (see Figure 1).


Association between impaired cerebral autoregulation and delayed ischemia and vasospasm

Otite et al. reported that of 68 patients with SAH, 62% developed angiographic vasospasm, and 19% had delayed cerebral ischemia on days 2–4 post-hospital admission (33). CA was impaired in those who developed vasospasm and delayed ischemia compared to those who did not, and was highly predictive of these adverse conditions. Indeed, consistent evidence indicates that dynamic CA is impaired post-SAH (38–40, 73–75), which is thought to play a role in delayed cerebral ischemia (76) and infarction after SAH (77–79). Loss of cerebral protection is clinically significant as vasospasm is a leading cause of morbidity and mortality after SAH and ischemia may occur when autoregulation does not compensate. Therefore, mobilization or exercise prescriptions that result in BP fluctuations should be considered carefully during days ~3–7 after aneurysmal SAH when there is elevated risk for delayed ischemia and vasospasm (33, 80, 81) and BP countermeasure strategies should be employed.





Blood-Brain Barrier Disruption

The BBB protects neural tissue and the microenvironment by regulating the movement of molecules between blood and brain (82). BBB disruption allows proteins, cells, and large molecules to move from the lumen space into the brain parenchyma. The infiltration and accumulation of peripheral immune cells, pro-inflammatory cytokines, and an excess of water and other potentially toxic elements into the brain leads to progression of injury, cerebral edema, and increases the risk of hemorrhage following stroke (especially following tissue plasminogen activator (tPA) or delayed tPA treatment) (83, 84).

There appears to be two phases of BBB disruption after ischemic stroke (85, 86). As early as 2 h after ischemia in primates (87), and as early as 6 h in humans (88), the BBB has increased permeability. Early reperfusion can reverse BBB changes, but if reperfusion occurs later it may exacerbate endothelial injury. The second phase of BBB injury occurs within 24–72 h post-stroke and can result in greater tissue damage in humans (86). Low level BBB dysfunction has been detected up to 1 month following ischemic stroke (spontaneous reperfusion) in humans (89). BBB dysfunction is more likely to remain elevated in people with larger infarcts in the subacute phase (86). Animal studies also indicate that BBB function can take up to 3–4 weeks to recover post-ischemia with peak dysfunction at around 7 days (90–92) (see Figure 1).

Intensive exercise is documented to transiently induce hyperperfusion and cerebral edema, subsequent to mechanical disruption of the BBB in healthy and obese individuals (93–95). Although these physiological effects are temporary and not known to induce structural brain damage, possible adverse effects of higher intensity exercise may be of concern for up to ~1 month post-stroke in some patients. This is in part owing to BBB dysfunction and loss of its structural integrity occurring in people following ischemic and hemorrhagic stroke leaving the brain more vulnerable to damage (83, 86, 96).

While the effects of exercise on BBB function have not been measured in people following stroke, it is likely that CA dysfunction does not adequately counter the elevation in systemic BP during higher intensity exercise (95), thereby increasing the risk of cerebral hyperperfusion injury and BBB disruption (93). Consider also that superimposed on impaired CA and BBB dysfunction is elevated resting BP that occurs in up to 84% of stroke patients mostly in the acute phase post-stroke (97–100). This further challenges CA and BBB function to maintain homeostasis. Although there is a decrease in BP during the first 10 days following stroke, it remains elevated in about a third of cases (97–101). Thus, mobilization and aerobic exercise in the presence of elevated resting BP, impaired CA, and BBB disruption may theoretically interfere with the supply-demand relationship of cerebral oxygen delivery and ultimately contribute to deleterious hemodynamic effects.

Hydration status and environmental temperature are other factors that may exacerbate BBB dysfunction during exercise. Although there is some conflicting evidence (102), endurance exercise in a warm environment may lead to increased BBB permeability in healthy individuals (103, 104) and is likely related to dehydration and/or brain temperature. Heightened temperature in the first few days of stroke, due to mild fever or exercise, has the potential to exacerbate cell death which is still evolving at this time, contributing to poorer functional outcomes (105, 106). Thus, appropriate precautions should be practiced by ensuring the patient is hydrated before initiating activity and avoiding activity in a warm environment or during fever.

BBB disruption is generally considered detrimental post-stroke; however, in some cases increased permeability may be beneficial. For example, infiltrating macrophages post-ICH stroke may be involved in hematoma resolution (96) and certain types of leukocytes could be protective in ischemic stroke (107, 108). In addition, indirect evidence in obese and healthy populations suggests that exercise-induced BBB leakage detected may lead to acutely elevated levels of neurotrophic factors in the blood such as brain derived neurotrophic factor (BDNF) (94, 109) that would support neuronal survival and growth. However, the evidence of increased peripheral BDNF levels concomitant with evidence of BBB leakage in these exercise studies may be largely related to increased production through muscle action and restricted cerebral uptake, suggesting little to no benefit. Further studies are required to disentangle these effects.



Effect of Age, Diabetes, and Hypertension on Blood-Brain Barrier Recovery and Cerebral Autoregulation

There is a rationale for delaying moderate to higher intensity exercise in the elderly, as well as those with persistent hypertension and/or diabetes/hyperglycemia (See Table 2 Guideline 1, Figure 1, and Supplementary Materials). CA impairment may be more problematic among stroke patients with comorbid diabetes, as suggested from observations of impaired CA in type II diabetes studies (116, 117) and higher mortality rates in those with hyperglycemia at the time of stroke (118). In addition, the time course of recovery of BBB function can be affected by age, hypertension and/or diabetes/hyperglycemia and should be considered when screening patients for initiating mobilization and aerobic exercise (119).


Table 2. Guideline 1.0: Pre-participation screening criteria based on peripheral and cerebral circulatory considerations.
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Blood Pressure

Elevated resting BP is common during acute stroke, thus should be a central consideration of exercise prescription. Current guidelines state aerobic exercise is not recommended post-stroke if the person has resting systolic (SBP) and diastolic BP (DBP) > 200 mmHg and >110 mmHg, respectively (22). These upper limits may be appropriate for people in the late subacute phase of stroke, but are less established in the early phases post-stroke given impaired CA and the effect on BBB integrity. A further activity-related elevation in BP from a resting SBP of 200 mmHg, is indeed a challenge to CA. Moreover, it may be prudent to establish a lower BP threshold, below which is a risk of hypoperfusion episodes. Until such data are available, we suggest a more conservative approach than is currently practiced. Even with more contemporary guidelines advocating for more tightly managed BP early in ischemic and ICH stroke (15, 120), it continues to be important to determine these thresholds for safe exercise. The Scandinavian Candesartan Acute Stroke Trial highlights the challenge of controlling BP. Ischemic or hemorrhagic stroke patients (n = 293) with a resting SBP of at least 140 mmHg were randomized to receive either candesartan or a placebo. BP at 7 days post-stroke was similar between the treatment and placebo group, with pressure in both groups remaining elevated (147/82 mmHg (SD 23/14) in the candesartan group and 152/84 mmHg (SD 22/14) in the placebo group) (101). Other studies report a mean decrease in BP during the first 10 days following stroke, but BP tends to remain elevated in one third of cases (97–100).

Hyper-acute and acute phases post-stroke are often characterized by BP instability. Within 24 h after stroke, SBP can decrease by 28 ± 11% either spontaneously or with medication (121). Increased systolic and/or diastolic ambulatory BP variability within 7 days of ischemic stroke has been associated with increased risk of recurrent stroke and composite cardiovascular endpoints, and poorer functional outcomes within 12 months of the stroke (122–124). Therefore, along with upper and lower BP boundaries, a maximal rate of change over 24 h, or a limit of BP variability (systolic and diastolic) that indicates stability, should be an additional screening criteria to ensure safe early exercise post-stroke (see Table 2 Guideline 1).


Monitoring BP in Advance of Aerobic Exercise and Mobilization: Screening Recommendations

While there is little evidence to support a specific BP threshold, there is a precedent for pre-activity BP screening criteria. A recent study in 708 post-ischemic stroke patients demonstrated increased odds of cognitive impairment at 3 months for patients in the lowest and highest systolic BP (SBP) quintiles within 7 days of stroke (Q1, 102–127 mmHg and Q5, 171–215 mmHg), relative to the middle quintile (Q3, 143–158 mmHg) after adjustment (55). Similarly, better outcomes were observed for patients in the middle quintile of diastolic BP (DBP) (Q3, 93–102 mmHg). This association continued for up to 6 months post-stroke. From a cardiac risk standpoint, baseline SBP < 110 mmHg predisposes people post-stroke to sudden cardiac adverse events (110). Further, lower early BP (DBP < 70, SBP < 155 mmHg) is a predictor of death within 90 days of acute ischemic stroke compared to those in the ranges of DBP 70–105 mmHg and SBP 155–220 mmHg (43) (see Table 2 Guideline 1).





CARDIAC CONSIDERATIONS FOR EXERCISE AND MOBILIZATION (SEE TABLE 3 GUIDELINE 2)

Cardiovascular complications are a major cause of morbidity and mortality following stroke, and thus can affect the timing and intensity of the exercise prescription, as well as provide screening criteria particularly in the hyper-acute and acute phases post-stroke. Knowledge of the prevalence, time since first presentation, and other cardiac medical history information can guide the practitioner.


Table 3. Guideline 2.0: Cardiac screening criteria.
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Cardiac Complications and Morbidity and Mortality

Cardiac-related complications are the second leading cause of mortality within the first month after the stroke event (125, 126). Among 444 patients with first cerebral infarct, 17% died within the first month of the stroke (50% of deaths were due to the cerebral infarct, 12% due to cardiovascular events, and 38% for other reasons) (125). Of 980 patients with first ischemic stroke enrolled in the Northern Manhattan Study, 5% died in the first month post-stroke; the major cause of death at 55% were neurological causes, while 19% were cardiac (126). Prosser et al. revealed a more specific temporal profile of early cardiac morbidity and mortality (110). Of 846 patients followed during the first 3 months after acute ischemic stroke, the proportion of deaths due to neurological and cardiac causes were 43.9% (n = 79) and 19.4% (n = 35), respectively. Most of the neurologic deaths occurred in the first 2 weeks post-stroke, while cardiac deaths were highest in the second week. Furthermore, 19% (n = 161) of all patients experienced at least one serious cardiac adverse event within 3 months of the stroke that peaked in frequency between day 2 and 3 post-stroke. Cardiac complications included non-fatal arrhythmias, acute myocardial infarction, pulmonary edema/moderate-severe cardiac failure, and cardiac death.



The Brain-Heart Connection

The high rate of cardiac manifestations following acute stroke highlights the brain-heart connection. Cardiac conditions that occur following stroke may be unrelated complications of stroke, or directly related to the underlying cause of the stroke such as atrial fibrillation in the case of cardioembolic stroke. Compelling evidence shows that brain damage is a causative factor in some cardiac conditions. The mechanistic basis underlying stroke-induced myocardial damage is complex and multi-factorial, potentially involving activation of the hypothalamic-pituitary-adrenal axis, dysregulation of the autonomic system, inflammation, gut microbiome dysbiosis, immune activation, and dysregulation of the autonomic nervous system and catecholamine “surge” (127). Catecholamine surge is associated with cardiac damage, myocardial stunning, an influx of inflammatory cells in the heart, and increased release of intracellular calcium ions and myocyte dysfunction (128–131). This is hypothesized to lead to ECG and structural cardiac changes even when there is no underlying heart disease. While, some of these stroke-induced changes can be mild or transient, some can be severe or potentially fatal.



Effects of Stroke on the Heart

Effects of a stroke on the heart can include reduced ejection fraction, regional wall motion abnormalities, ECG changes, and arrhythmias (e.g., ventricular and supraventricular tachyarrhythmias, ST segment change, QT prolongation, tall and inverted T waves, and prominent U waves) and cardiac damage which can lead to chronic heart failure, as well as neurogenic stress-induced cardiomyopathy (most commonly transient left ventricular (LV) apical ballooning). Exercise therapists should have an understanding of the brain-heart interaction as there is a potential for exercise to interfere with recovery of cardiac function when introduced in the hyper-acute to acute phases post-stroke. Conversely, when cardiac function is compromised, early exercise may interfere with recovery of the brain. Specifically, the cardiac manifestations of stroke that reduce cardiac output that occur mostly in the hyper-acute and acute post-stroke phases can affect CBF when CA may be impaired. As demonstrated in a pre-clinical study of induced unilateral stroke, CBF becomes dependent on cardiac output in the absence of intact CA (132). Therefore, when autoregulatory control in the ischemic brain region is impaired early post-stroke, CBF is in part dependent on cardiac output in both positive and negative directions. This reliance on cardiac output has also been demonstrated in people with valvular disease where cardiac output is attenuated during exercise (133).

The clinical impact of cardiac output on the stroke brain is not well-established; compensatory responses to maintain cerebral oxygen metabolism, and the perfusion thresholds may be variable between human and animals (134). However, several studies have demonstrated that CBF is reduced in people with lower cardiac ejection fraction after stroke and in those with heart failure (135–137). One study showed that a change in posture from supine to upright resulted in a greater reduction in CBF-velocity in people with heart failure compared to an age- and sex-matched control group (138). Therefore, some of the cardiac manifestations following stroke can affect cardiac output and threaten perfusion to ischemic brain tissue (139). Initiating exercise in the presence of impaired CA superimposed on these cardiac abnormalities might compromise brain health. We suggest that people with systolic cardiac dysfunction (ventricular wall motion abnormalities and reduced ejection fraction), arrhythmias that compromise cardiac output, and elevated cardiac enzymes indicating cardiac damage maintain light activity/aerobic exercise until CA recovery and the cardiac complication is resolved and stable (see Table 3 Guideline 2.0 and Figure 1) (the rate of cardiac recovery is described in detail in the Supplementary Materials). While most studies report declines in cardiac contractile (systolic) performance, impaired diastolic dysfunction may also accompany declines in systolic function, particularly in patients diagnosed with neurogenic stress cardiomyopathy, which includes clinical symptoms of reduced LV ejection fraction, ventricular wall motion abnormalities, and elevated cardiac-specific serum enzymes (127).


Systolic Dysfunction and Poor Outcomes

Studies in consecutive hospital admissions for ischemic stroke demonstrated that between 13 and 29% of people had reduced LV systolic dysfunction (i.e., ejection fraction of <50%) (140–142). In SAH, depressed LV function and cardiac regional wall motion abnormalities are reported in 13–25% of cases. Although these complications are usually reversible, they are associated with high mortality, delayed cerebral ischemia, and poor functional outcomes (139, 143–148). A recent study examined SAH patients within 24 h of admission and found focal and global cerebral perfusion were significantly lower in 35 people with cardiac dysfunction (myocardial wall motion abnormality and/or positive cardiac troponin level) compared to 37 people without cardiac dysfunction (139). The authors point out that it is unknown if the link between cardiac dysfunction and cerebral perfusion is causal or if it is due to external causes that influence both cardiac function and cerebral perfusion such as a catecholamine surge. However, a recent preclinical study in focal cerebral ischemia demonstrated that increased sympathetic activity is a driver of the development of chronic systolic dysfunction (149).

Another link between systolic dysfunction and poor outcomes is the presence of low SBP at baseline in the acute phase. Prosser et al. have demonstrated that a baseline SBP of <110 mmHg predisposes people post-stroke to sudden cardiac adverse events (110). Stead et al. have reported that lower early BP (DBP < 70 or SBP < 155 mmHg) is a predictor of death within 90 days of acute ischemic stroke compared to those considered normotensive (DBP 70–105 and SBP 155–220 mmHg) (43). It has been suggested that the relationship between lower BP early after stroke and mortality is in part explained by the association with early cardiac adverse events reflecting LV dysfunction (110). Nevertheless, the prevalence of systolic dysfunction, the association with poor outcome, and the effect on cerebral perfusion suggests that avoiding moderate to high intensity aerobic exercise until recovery is recommended.


Time of onset and recovery of systolic dysfunction

LV dysfunction can develop after 1–4 days and can persist for more than 8 days post-stroke (described in detail in Supplementary Materials, Figure 1) (143, 150). Routine echocardiography is not typically recommended for the early management of acute stroke (15, 120, 151), except among patients with suspected embolic stroke despite normal neurovascular imaging (151). Cardiac-specific troponin and ECG are routine, however, and can provide insight on echocardiogram abnormalities (152–155).




Cardiac Arrhythmias

Cardiac arrhythmias are frequent in acute stroke and associated with higher morbidity and mortality (156). Up to 90% of patients will have ECG changes within the first 24 h of ischemic stroke and 22% are reported to have a cardiac arrhythmia; this is a common cause of death after acute ischemic stroke (157, 158). ECG abnormalities are more frequent in patients with SAH ranging from a prevalence of 27–100% with ~37.5% experiencing cardiac arrhythmias (144, 145, 157). Arrhythmias can be related to underlying cardiac disease, the stroke event itself, or simply coincidental. Cardiac arrhythmias are not only potentially life threatening (156), but like systolic cardiac dysfunction may compromise cardiac output and thus also have the potential to affect CBF. For example, atrial fibrillation can reduce cardiac output by as much as 17% in the non-stroke population (159, 160), limiting LV filling (“atrial kick”), and by extension, cerebral perfusion during exercise (161, 162). Ventricular arrhythmias, such as frequent premature beats, interpolated premature beats, bigeminy, and trigeminy can cause variable effects on hemodynamics including reduced ejection fraction and stroke volume (163) in people with no known history of stroke. The effect of the above arrhythmias on reduced CBF early post-stroke when CA is impaired has not been reported but is likely to be intensified.


Recovery and correlates of arrhythmias

The risk of clinically significant cardiac arrhythmias is highest in the first 24–48 h following stroke (see Figure 1 and Supplementary Materials) (164, 165).

Patients at higher risk of a clinically relevant arrhythmia following stroke are those who are older, those with more severe neurological deficits (NIHSS), and those with a greater lesion size (164, 165). Insular cortex ischemic strokes are associated with ventricular tachycardia/fibrillation, heart blocks, bradycardia, supraventricular tachycardia, and atrial flutter/fibrillation (156). Patients who fit this profile may benefit from more intensive cardiac monitoring strategies, such as ECG monitoring during the first exercise session or undergoing a pre-participation exercise stress test with ECG monitoring.




Myocardial Injury and Stress

Injury to the myocardium can occur in the acute stage of ischemic, SAH, and ICH in the absence of any cardiac cause. Cardiac lesions may not always be indicative of perfusion abnormalities (166) or affect cardiac output, but they have been characterized as subendocardial microinfarcts with possible damage to both myocytes and nerve terminals (129, 167). Van der Bilt et al. examined myocardium in 25 patients who died of SAH and 18 controls (131). Results revealed a significantly higher influx of inflammatory cells in the myocardium of SAH patients, indicative of myocarditis, relative to controls. Thrombi in intramyocardial arteries were found in 22 SAH patients and 1 control. Myocytolysis was detected in six SAH patients but not in controls.

Cardiac damage can also be detected by elevated serum cardiac troponin levels; a biochemical marker emanating from damaged sarcomeres. Assessment of troponin levels (subunits I and T) provides a high tissue specificity and clinical sensitivity for detecting myocardial necrosis (168). Elevated troponin levels have been detected in up to 21% of ischemic, 18% of ICH, and 52% of SAH strokes in people hospitalized with and without known cardiac disease (152, 155, 169–171). It is thought that elevated troponin levels may be due in part to a catecholamine-related contraction band necrosis (stunned myocardium) rather than underlying CAD (153, 172).

Elevated troponin is independently associated with higher in-hospital mortality, increased risk of delayed cerebral ischemia, and poor outcome across all stroke types (152, 169, 170, 173). In SAH, troponin level is positively correlated with stroke severity, arrhythmias, and regional wall motion abnormalities (153, 174, 175). Elevated troponin in people following ischemic stroke is also correlated with wall motion abnormalities (154). Specifically, of 137 consecutive hospital admissions for ischemic stroke, 17.5% (n = 24) had elevated troponin and 67% (n = 16 of 24) of those with elevated troponin had a new wall motion abnormality on echocardiogram. Wrigley et al. reported that, among >1,500 patients with acute ischemic stroke, 21% had elevated levels of troponin and 10% had echocardiogram findings of interest; most being reduced ejection fraction and wall motion abnormalities (155). Moreover, high troponin levels were independently associated with echocardiogram abnormalities. Most, but not all people post-stroke with elevated troponin will have concomitant ECG changes suggestive of myocardial ischemia (152, 153). Therefore, although echocardiogram results may not be available to detect cardiac manifestations post-stroke, both cardiac-specific troponin and ECG are recommended in acute stroke (15, 120).


Correlates of risk of myocardial injury

Cerebral infarctions involving specific brain regions including the insular cortex and right inferior parietal lobule have been associated with elevated troponin levels indicative of myocardial damage (176). Specifically, in patients with right middle cerebral artery infarction, damage to the insular cortex was involved in 88% of patients with elevated cardiac troponin and 33% of patients without elevated troponin levels in the weeks after ischemic stroke (176). Indeed, insular cortex and parietal lobe infarctions have been associated with adverse cardiac outcomes and cardiac dysfunction in human and animal model studies (177–179). In addition, cardiac troponin levels have been reported to be higher in patients with more severe strokes compared to those with less severe strokes (NIHSS) (180, 181) and positively associated with the stroke lesion volume (182).



Time of onset and recovery of myocardial injury

Kolin and Norris report that focal myocardial damage required at least 6 h to develop after onset of the acute neurological event and was not observed after the second week (183). Serial measures of troponin I in SAH reveal that troponin levels peaked between day 1–3 post-stroke and subsequently declined over 7 days (147, 153, 184, 185) (see Figure 1 and Supplemental Materials for more details). While the effects of exercise on the myocardium in the early stage of stroke in people with elevated troponin levels is not known, it may be prudent to maintain light aerobic activity for at least 7 days and up to 1 month post-stroke (see Figure 1) given the demonstrated microscopic damage and associated wall motion abnormalities.




Coronary Artery Disease

Myocardial infarction and cardiac surgery will not be reviewed because exercise guidelines following these events are well-documented (186). It is important, however, to note that coronary artery disease (CAD) can remain undiagnosed due to lack of symptoms and/or unremarkable resting ECG (187, 188).





MOBILIZATION AND AEROBIC EXERCISE IN THE HYPER-ACUTE AND ACUTE PHASES POST-STROKE


Effect of Mobilization in Hyper-Acute to Acute Phases Post-stroke

A meta-analysis of nine randomized controlled studies (2,803 participants) implementing very early mobilization—defined as out of bed activity 24–48 h post-stroke—was published in 2017 (189). The AVERT study was the largest study in the analysis (20). Pooled analyses revealed that when compared to usual care control, early mobilization resulted in similar safety outcomes (e.g., falls with injury, neurological deterioration, death) but was not associated with additional functional improvements or mortality advantage at follow-up, or in reducing pulmonary infection, deep vein thrombosis, urinary tract infection, pulmonary embolism. One study in the meta-analysis, Sundseth et al. (190) randomized stroke patients post-stroke to early mobilization either within 24 h (n = 27) or 24–48 h (n = 29) after admission. The type and amount of early mobilization activity were not controlled: e.g., each patient was mobilized out of bed “several times per day.” The safety-related exclusion criteria included a mRS score ≤ 1 and acute coronary disease. No resting BP criteria or exclusion of people with orthostatic hypotension were reported. Results revealed non-significant trends for poorer outcome (mRS 3–6), higher death rate and dependency, and poorer neurological functioning in the very early mobilization group, although this study may be limited by the sample size.

In a subsequent study, 104 people with severe stroke were randomized to soft physiotherapy (20 min per day) vs. intensive physiotherapy (soft physiotherapy plus 45 min of intensive exercise/day) initiated within the first 72 h after stroke for 2 weeks (10 sessions) (191). Similar to the meta-analysis discussed above, no between-group differences were reported in mRS score, Functional Independence Measurement, mobility, change in Postural Assessment Scale for Stroke, or quality-of-life measure after 90 days. Unfortunately, no measure of “dose” of activity or pre-participation screening criteria based on resting BP, eye conditions (e.g., retinopathy), orthostatic hypotension, glycemic control, or cardiac abnormalities were reported, despite 70% of participants having a history of hypertension, 19% with diabetes, and 10% with cardiac issues.

The results of the most influential study in the 2017 meta-analysis also demonstrated a neutral and potentially deleterious effect of very early mobilization initiated within the first 24 h of stroke (20). The AVERT trial was a multi-center, single-blind randomized control trial conducted in 56 stroke units, 5 countries, and 2,104 ischemic and ICH stroke patients. The activity intervention was modest and included 10–30 min of active sitting, and/or a minimum of 10 min of standing, and/or walking that continued for 14 days or until discharge. The time to first mobilization for intervention and control was a median [interquartile range (IQR)] of 18.5 h (12.8–22.3) vs. 22.4 h (16.5–29.3), respectively. The median (IQR) time out of bed for intervention and control groups was 31 (16.5–50.5) vs. 10 (0–18) min per day, respectively. Three months post-stroke, a smaller proportion of people in the early mobilization group scored favorably (0–2) on the mRS compared to usual care (46 vs. 50%, respectively; adjusted odds ratio 0.73, 95% CI 0.59–0.90, p = 0.004). In particular, patients with severe stroke (NIHSS > 16, n = 291) and ICH (n = 255) tended to show a less favorable outcomes in the early intervention treatment, with ICH patients possibly more susceptible to death.

To further define a “dose” of out-of-bed activity associated with better outcomes regression models (two for usual care and two for all patients regardless of group assignment) [Table e-1 (192)] controlled for age, stroke severity (NIHSS), and frequency and duration of mobilization (either daily amount or total amount). An earlier start to mobilization and more frequent daily activity was a predictor of improved mRS outcome in all models. The only difference between the analyses was that in the usual care group, while daily amount of activity did not significantly influence outcome, a greater total amount of activity predicted worse outcomes. In both groups, greater daily amount and total amount of activity predicted poorer outcomes. This suggests that when mobilization is started later as suggested in the contemporary guidelines, greater amount of daily activity may not have an influence, but should be undertaken more frequently. The finding that a greater total amount of activity during hospitalization (up to 14 days) had a negative effect was likely influenced in part by longer hospital stay in those with greater medical complications but requires verification. Also, the variability in frequency and daily amount of out of bed activity may be in part driven by patient, family, institutional, health care professional, medical, and other factors. Thus, data from this secondary analysis should be viewed with caution.

As mentioned previously, most of the contemporary stroke care guidelines and position papers published since the release of the AVERT results advocate against “high-dose” or “intensive,” out-of-bed activities within 24 h of stroke onset without further specification of dose (15–19). Indeed, the dose of activity in the first 24 h was not reported in the AVERT study and although the median dose was reported as 31 (16.5–50.5) min of out-of-bed activity over ~14 days, it is likely that the first few mobilization sessions performed would be low intensity activity of shorter duration and then gradually progressed over the ~14 day intervention. While the AVERT investigators caution against interpretation (192), the results of Classification and Regression Tree (CART) analysis suggest that overall, younger individuals are likely to fair well. Older adults (76–86 years), without mild or severe strokes, have better outcomes with a median dose of ~2 sessions of 6.5 min of activity per day or, for longer duration of activity, a dose equivalent to at least 1–2 min of out-of-bed activity every hour of the day (i.e., ~11 sessions) if targeting the median dose. The optimal timing of the initial dose is not clear and it is possible that adverse outcome may be related in part to the type of initial activity prescribed, such as prolonged standing as discussed in section Protecting the Brain During Mobilization.



Safety Screening Criteria for Very Early Mobilization in AVERT

Another consideration for improving outcomes with an early mobilization intervention is related to having appropriate pre-participation screening criteria. The AVERT study excluded participants with a resting SBP of <110 or >220 mmHg. In acute stroke, where CA is disturbed and many have a history of hypertension and risk for orthostatic hypotension, protection would likely be compromised in some patients using this criterion. In addition, pre-participation criteria for a safe lower limit of resting BP should be re-evaluated (see section Peripheral and Cerebral Circulatory Considerations for Exercise and Mobilization Guideline 1.0). Another factor to consider is that almost one-quarter of the patients in the AVERT study had a diagnosis of diabetes and screening criteria for hyperglycemia was not reported. Further, one-quarter of the patients from both groups in the AVERT study had a diagnosis of atrial fibrillation, although it is unclear how many were currently in this rhythm, should have followed Guidelines 3.0–5.0, Tables 4–6 to avoid cerebral hypoperfusion episodes associated with activity until recovery of CA.


Table 4. Guideline 3.0: Precautions for avoding orthostatic hypotension.

[image: Table 4]


Table 5. Guideline 4.0: Precautions for preventing adverse effects from prolonged standing.
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Table 6. Guideline 5.0: Precautions to prevent post-exercise or mobilization hypotension.
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Effects of Aerobic Exercise Within 48 H Post-stroke

To our knowledge there is only one study examining aerobic training within 2 days of stroke onset. Strømmen et al. conducted a single group prospective study in 20 people with mild to no disability (mRS of 0–2) that initiated exercise 41.5 ± 14 h after onset of symptoms (193). The intervention included two sessions of low intensity (50% of predicted heart rate reserve; HRR) treadmill training (body weight support when needed) per day for the first 5 days and two sessions 30 days later (193). Each session was 30 min in duration, with rest breaks (sitting or standing) as needed. Exclusion criteria included symptoms, infection, unstable cardiac condition, resting SBP above 180 mmHg, and conditions hindering treadmill training. Of the 20 participants, over half developed non-serious adverse events occurring in 14% of all 224 treadmill training sessions. Specifically, eight people developed 19 episodes of dizziness (with two patients ending four sessions pre-maturely due to dizziness), three people developed blisters or superficial wounds, one person had three non-injurious falls getting on or off the treadmill, one patient had five episodes of pain in the lower extremities, and one patient had three episodes of tiredness. Not included in the adverse events, nine patients became exhausted and ended a total of 24 exercise sessions early. No neurological deterioration was detected. Participants attained the target exercise intensity in only 31% of sessions. The difficulties encountered by these minimally disabled patients attempting to reach an exercise intensity slightly above “light” suggests that our recommendation to initiate light intensity exercise in the acute phase of exercise is a more feasible and realistic goal for patients. Counteracting adverse events is discussed in section Protecting the Brain During Mobilization. We await the results of ongoing clinical trials examining early exercise interventions (194).

The preclinical data suggest that very early exercise (i.e., within 6 h) may exacerbate brain injury, while early (i.e., ~24 h) and relatively late training (i.e., >3 days) may be beneficial. The Supplemental Materials provides further description on relevant animal studies but the preclinical field of research is outside the scope of this review.




PROTECTING THE BRAIN DURING MOBILIZATION


Orthostatic Hypotension (See Table 4 Guideline 3)

Orthostatic hypotension (OH) can impact stroke survivors. OH is defined as a sustained reduction in either SBP of at least 20 mmHg or DBP of at least 10 mmHg, within 2–3 min of standing, or after a head-up tilt to at least 60 degrees, preceded by a 10-min period of quiet lying (195). For resting supine SBP of >160 mmHg, the OH threshold for a drop in SBP is increased to 30 mmHg. Symptoms of OH can include dizziness, nausea, dyspnea, diaphoresis, and diplopia that can sometimes lead to vasovagal syncope (196, 197). The pathogenesis of OH helps to elucidate the possible mechanism for adverse long-term outcomes. When assuming an upright posture, blood volume is redistributed below the diaphragm (198). This leads to a decrease in venous return, cardiac output, and arterial BP. In healthy individuals, a compensatory reflex is activated by baroreceptors in the carotid arteries and aorta to restore BP and cardiac output by increasing heart rate, contractility and vascular resistance. In people following stroke and the elderly, however, arterial stiffening likely impairs cardiovagal baroreflex sensitivity (199, 200) and interferes with these countermeasures. CA dysfunction likely intensifies the effect. Moreover, primary baroreflex dysregulation has been identified as a cause of OH (201).


Prevalence and Incidence of Orthostatic Hypotension and Hypotensive Episodes in People Post-stroke

Among 71 stroke adults in in-patient rehabilitation, 52% had OH during a tilt table test measured within 3 days of stroke (61). It is notable that 68% of these cases were asymptomatic, emphasizing the importance of careful BP monitoring during early phase mobilization post-stroke. Further, Carlsson et al. reported that 23% of 226 patients within 4 weeks of mixed diagnosis stroke demonstrated OH, which persisted for up to 1 year (202). In a small study of the early phases post-ischemic stroke (n = 13), Treger et al. reported that 40% of individuals exhibited symptomatic OH at 1 week of in-patient rehabilitation (range 15–45 days post-stroke). One month later (45–75 days post-stroke), these patients had the same symptoms, albeit less severe in some cases (203). Panayiotou et al. reported a slightly lower incidence of postural hypotension (19% of 40 people) 1–2 days following acute mild or moderate ischemic stroke. This study reported hypotension after 1 min of standing but pressure had recovered after 5 min in most of the patients (204). This study also provides preliminary evidence that OH prevalence may be related to stroke severity.

Langhorne et al. monitored BP (using either automatic continuous or manual methods) in patients randomized to early mobilization vs. standard care (205). Among 32 patients post-stroke in the first 72 h of admission, there were 28 episodes of DBP dropping below 70 mmHg and 5 episodes where it rose above 120 mmHg, 18 episodes of SBP dropping below 110 mm Hg and 2 where it exceeded 220 mmHg, 7 episodes of bradycardia (heart rate dropping below 50 bpm) and 15 episodes of tachycardia (heart rate exceeding 100 bpm). No differences in the frequency of these events by early mobilization verses usual care were reported; however, an unfavorable neurological impact may be greater in the early mobilization group given BBB and CA dysfunction. Unfortunately, the events that may have precipitated these episodes such as posture change, activity, prolonged standing, post-exercise hypotension were not reported but serve to highlight the frequency of these events that occur at a time when the brain is vulnerable to hypoperfusion and hyperperfusion.



Orthostatic Hypotension and Activation of the Coagulation Cascade

Physical countermeasures and other strategies may mitigate the effects of OH for stroke survivors, but this concept is largely untested. Furthermore, avoiding activity at times when OH is probable may contribute to better long-term outcomes. We discuss some possible mechanisms. First, changes in posture may trigger the coagulation cascade. In an observational study of 178 adults with unexplained syncope (non-stroke), activation of the coagulation cascade occurred after only 3 min of head up tilt at 70 degrees (206, 207). This hypercoagulable state can persist for ~20 min following a postural change (208). These changes were observed in both individuals with OH as well as those with other syncope etiology. Orthostatic-driven coagulation may in part explain the increased risk of cardiovascular events that are reported in people who experience OH.



Orthostatic Hypotension and Reduced Cerebral Blood Flow Velocity

In addition to the hypercoagulable state, repeated acute hypotensive episodes early-post-stroke may contribute to hypoperfusion. Pooled data from four studies demonstrated a significant decrease in CBF velocity when head position moved from either 0 or 15 degrees to a 30-degree upright head position (209). Patients (n = 57) were within 6 days of mostly large vessel ischemic strokes. One study in the review measured the impact of a change in backrest tilt following large ischemic stroke with 7 of 18 participants having had decompressive hemicraniectomy (210). Moving from horizontal to 15 degrees and then to 30 degrees over a two step 10-min period decreased CBF velocity by 25% and also reduced intracranial pressure and cerebral perfusion pressure. BP showed a significant decline from baseline at both 15 and 30 degrees. The decrease in CBF was even larger in the subset of patients with hemicraniectomy. The rate of posture change that would minimize hypoperfusion and the time course for CBF and BP to return to baseline levels after posture change is unknown and therefore an area of future investigation. Such information would help define specific guidelines for protecting individuals from repeated episodes of hypoperfusion and increased fall risk.

The coexistence of diabetes may increase the prevalence of OH in patients with stroke and may intensify the effect on CBF, as the prevalence of OH in the pre-diabetic and diabetic population is ~18 and 26%, respectively (211). One study documented a reduction in mean CBF velocity of 23% upon active standing from a supine position in people with diabetes and no stroke (116). The prevalence of OH and effect on CBF in people with both diabetes and stroke requires investigation.



Orthostatic Hypotension Is Associated With Cognitive Decline and Poorer Physical Function

Physical and cognitive functions are both relevant in the context of OH. The effect of both hypotensive episodes and aortic stiffness on cerebral function has been measured in cross-sectional and longitudinal studies, but not in people with stroke. These studies demonstrate that there is an association between OH and cognitive decline (60, 212). Indeed, the impact of OH on cognitive decline is significant, with a pooled analysis of data indicating a 21% (95% confidence interval: 9–35%) increased risk of dementia (60). Of note, subclinical OH (i.e., a fall of ≥15 mmHg in systolic and/or ≥7 mmHg in DBP after 2 min of standing from sitting) with symptoms in the previous week also increased the risk/incidence of cognitive impairment in older hypertensive individuals (60).

Overall, these data indirectly support the notion of careful monitoring and prevention of OH episodes during mobilization for people post-stroke be considered. There are clear research opportunities, including randomized trial design, that build from the limited literature (213). As little as a 15-degree change in head position is shown to decrease CBF significantly in the acute phase post-stroke. Thus, minimal and gradual changes in head and body position preferably with concomitant stepping or lower limb movement to activate the venous muscle pump to counteract pooling of blood (58), should be carried out carefully when preceding initiation of aerobic exercise or mobilization.



Orthostatic Hypotension and Increased Falls Risk

OH is clinically important after stroke because of the increased fall risk. Although the incidence varies among studies, up to 37% of post-stroke inpatients report at least 1 fall (214–216), accounting for up to 40% of all adverse hospital events post-stroke (217). Surprisingly few studies, if any, have prospectively examined the association between falls and OH early post-stroke. This may explain why current risk prediction models have had unacceptable performance in predicting falls post-stroke (218).



Rethinking the Definition of OH for Detecting Clinically Relevant OH Post-stroke

Regarding detection of clinically relevant OH, there is no empirical evidence to support that the established BP decline thresholds defined as OH will provide cerebral protection in early stroke. It is possible that in the presence of impaired CA, a less dramatic fall that does not exceed these thresholds could be of equal clinical importance in both those with and without hypertension. A re-evaluation of this threshold is needed as hypoperfusion during the hyper-acute and acute phases post-stroke may result in a collapse of the blood supply to the vulnerable ischemic penumbra leading to stroke progression. Indeed, the safety related criteria for excluding patients from participating in the AVERT study was if the patients' SBP dropped by more than 30 mmHg when the back of the bed was raised to >70° of hip flexion or during sitting both for normotensive and hypertensive individuals (20). This may have in part explained the less favorable outcomes by 3 months in the early vs. late mobilization cohort, especially in those with more severe stroke (NIHSS > 16, n = 291), a cohort that may have greater CA impairment. Future studies should determine the BP reduction threshold that results in significant reductions in CBF velocity in normotensive and hypertensive individuals with and without impaired CA early post-stroke to inform safety related screening criteria. A more conservative guideline for reduction in BP upon standing should be considered when mobilizing and prescribing exercise until further research is conducted in this area.




Prolonged Standing (See Table 5 Guideline 4.0)

Prolonged static standing (i.e., >5 min) is an orthostatic and CA challenge; it is an activity with no dynamic movement and can lead to a reduction in arterial BP and cardiac output. As in OH, prolonged standing can trigger the coagulation cascade, called orthostatic hypercoagulability. For example, when healthy individuals stand stationary for ~20–30 min, venous pooling of ~20% of the blood volume occurs in the lower extremities with a subsequent plasma volume loss to surrounding tissue of ~12% (219, 220). This orthostatic stress and plasma shift of filterable elements and water into the interstitial space is associated with an increased concentration of coagulation factors and other proteins that are larger and non-diffusible in the lower extremity vasculature, subsequently causing hypercoagulability (208, 220, 221).

A recent study measured coagulability in 22 patients within 1 year of mild ischemic stroke (most were prescribed antiplatelet medication) and 22 age-matched healthy controls before and after 5 min of sitting followed by 6 min of quiet prolonged standing (221). The orthostatic challenge resulted in a significant activation of the coagulation system in both groups. However, activation was more easily shifted toward a higher hypercoagulable state in ischemic stroke than in healthy controls. This study demonstrates that a mere 6 min of inactive standing can be problematic post-stroke. A decrease in plasma volume, an increase in plasma protein, and a net higher coagulability has been demonstrated in healthy subjects after 30 min of standing (220). Other types of prolonged inactivity (recumbency and sitting) have also been shown to activate the coagulation cascade (222).

Prolonged standing leads to reduced venous return, cardiac output, and BP. When this is not countered by a baroreflex mediated increase in sympathetic outflow and vagal inhibition, the reduced cardiac output may threaten brain perfusion (223). CBF, in part, depends on cardiac output (139). Heel raises are a simple strategy to counter these effects and activate the skeletal muscle pump. Increasing intravenous pressure facilitates venous return to the heart. Faghri et al. demonstrated that 30 min of stationary standing by 15 able bodied and 14 spinal cord-injured subjects resulted in significant reductions in cardiac output in both groups (224). During 30 min of dynamic standing, however, both groups were able to maintain cardiac output at baseline levels by way of either electrical stimulation (in spinal cord injury) or voluntary activation (in controls) of postural leg muscles (10–15 s of heel raises with 60 s rest repeated for 30 min).

In people with lower extremity hemiparesis, an inability to voluntarily activate the muscle pump optimally may intensify impaired venous return and the subsequent effects. Passive dorsi-flexion and ankle rotation can increase mean and peak blood velocities in the common femoral vein in healthy individuals (68). Therefore, an early mobilization strategy for those with significant hemiparesis and/or poor lower extremity motor control is to replace placid standing with side-to-side or forward and backward stepping (support by non-affected upper extremity) that would force at least passive movement of the ankle joint.

Unfortunately, studies examining in-hospital activity tend to cluster as opposed to distinguish between standing, walking, and upright forms of activity (11, 20). This was the case in the AVERT study; thus, there may be scientific justification to isolate prolonged standing from other forms of mobilization in future trial design (20). Two of the three types of mobilization activities prescribed in the AVERT study were standing (i.e., a minimum of 10 min of standing and/or walking) and sitting. The results from the CART analysis of the AVERT study, indicating a benefit from activity intervals shorter than 6 min, aligns with research presented in this section which shows that the coagulation cascade is triggered after only 6 min of prolonged standing and only 3 min following a change in posture.

Also, shorter exercise protocols may elicit a smaller post-exercise hypotensive response than longer protocols (225, 226). Although the results are mixed, CA has been reported in some studies as being more impaired in those with more severe strokes. This may in part explain why those with more severe stroke had a more favorable outcome with more frequent sessions compared to less daily sessions in the AVERT study. Specifically, CART analysis revealed a more favorable outcome (mRS of 0–2) in patients with more severe stroke (NIHSS of >13.5) who performed a median of >2.75 daily sessions (16.2%) rather than less daily sessions (3.7%), and a more favorable outcome for those in the usual care group than the intervention group, potentially due to the later initiation of mobilization. This more severe cohort might also have greater mobility deficits and be more likely to be prescribed static standing or sitting out-of-bed activities rather than walking. Thus, more frequent instead of longer daily sessions may be of some benefit. Indeed, it is likely that upon first mobilization within the first 24 h, most of the activity in people with more severe motor impairments would be sitting or standing and gradually progressed over the 14 days of the intervention to walking, placing many at risk. Therefore, until further investigation, delaying prolonged static standing, especially in those with severe stroke or instituting countermeasures is recommended until there is some recovery of BBB and CA. Future studies should test these hypotheses and examine the effects of walking, standing, or sitting separately to help determine safe prescription parameters.




PROTECTING THE BRAIN AFTER AND DURING AEROBIC EXERCISE


Post-exercise Hypotension (See Table 6 Guideline 5)

Post-exercise hypotension (PEH) is a reduction in arterial BP below resting levels that lasts minutes to hours following a bout of dynamic exercise, with a nadir typically at ~10–30 min post-exercise (227–229). During exercise, BP and cardiac output increase; after cessation of exercise, however, the average decline in BP can be ~8/9 (SBP/DBP) mmHg below baseline in non-stroke populations [reviewed by MacDonald et al. (230)]. The reduction in BP can be large enough to lead to presyncopal signs and symptoms, and possibly syncope (231, 232). The causes of PEH remain unclear but may result from peripheral vasodilation that is not completely offset by a matched increase in cardiac output. Just as with OH and prolonged standing, reduced cardiac output during PEH may threaten perfusion to brain tissue (223) because CBF is dependent on cardiac output (139). Notably, PEH compromises CA function in healthy individuals (67, 93), so it likely has an exaggerated effect on cerebral hemodynamics in people with stroke who may already have compromised CA. Also, while there is considerable heterogeneity in the PEH response, it appears to be greater in magnitude and lasts longer in hypertensive compared to normotensive individuals (227, 232). The average reduction in SBP/DBP is ~14/9 mmHg in the hypertensive population (230). As hypertension is a common risk factor for stroke and is commonly elevated in the hyper-acute and acute phases post-stroke, an even more pronounced reduction in BP may occur. The prevalence and effects of PEH in people with stroke with or without hypertension, however, is an area that requires further research.

Subjective symptoms of pre-syncope that are associated with PEH are dizziness, nausea, faintness, visual disturbances, hearing disturbances, and fatigue. Previous studies have reported a high prevalence of symptoms similar to these mostly observed in the acute phases post-stroke. In section Mobilization and Aerobic Exercise in the Hyper-Acute and Acute Phases Post-stroke, we reviewed a study that demonstrated that over half of a group of 20 stroke patients undergoing an aerobic treadmill exercise intervention a mean of 42 h post-stroke developed non-serious adverse events, some of which included dizziness and tiredness (193). Further, Langhorne et al. reported that from among 32 patients with and without an early mobilization intervention stroke, there were 28 episodes where DBP dropped below 70 mmHg and 18 episodes where SBP dropped below 110 mmHg within 72 h of stroke onset (205). While the circumstances under which these symptoms and episodes of low BP arose were not reported, it is reasonable to assume that some were related to OH or PEH, particularly given the high prevalence reported in healthy individuals (233).


Aerobic Exercise Characteristics and Post-exercise Hypotension

An understanding of the exercise characteristics that may precipitate PEH will help to develop countermeasures for prevention. Exercise engaging a greater volume of muscle mass and longer compared to shorter exercise protocols promotes greater reductions in BP during the recovery period (225, 226). This may be another factor contributing to the pre-specified secondary finding of the AVERT study where better outcomes resulted with a greater frequency of daily mobilization sessions when total time remained constant. Even very low intensity exercise can reduce CBF below resting levels in the post-exercise recovery period. In one study, 11 healthy individuals were assessed using PET oxygen-15-labeled water following 20 min of mostly very low intensity exercise (30% of estimated HRR). Results revealed that regional CBF decreased 8–13% during PEH compared to rest (234).

A series of studies demonstrate that PEH is more pronounced with higher intensity exercise than lower intensity exercise resulting in accelerated development of PEH, greater impairment in post-exercise CA and reductions in CBF velocity (235). Indeed, more intense exercise results in impaired functionality of dynamic CA measured in the post-exercise recovery period in healthy individuals (67, 93, 236). In healthy sedentary individuals, Boeno et al. reported that high intensity interval training resulted in reductions in SBP of 18 mmHg that occurred at the 15th min of recovery while continuous training at 70% of maximal heart rate (matched for volume) resulted in a reduction of 13 mmHg at the 30th min, compared to resting measures (228). Mündel et al. measured post-exercise orthostatic tolerance during an orthostatic challenge (head-up tilt and lower body negative pressure) in eight young healthy volunteers following 1 h of cycling exercise at intensities of 30 and 70% of predicted HRR (229). Following exercise at 70% HRR, the time to presyncope occurred 32% sooner than following exercise at 30% HRR (15.9 vs. 23.6 min, respectively).



Preventing Post-exercise Hypotension and Reduced Cerebral Blood Flow Velocity

Syncope typically occurs when the person is standing motionless for the first 5–10 min post-exercise given the loss of the muscle pump to aid in venous return. Passive recovery by standing or sitting places the vasodilated vessels in the periphery below the heart level and may exacerbate venous pooling. Table 6 includes strategies to prevent or mitigate the effects of PEH.

It is important to point out that while we advocate the mitigation of significant PEH in the early phases post-stroke when CA is impaired, its summative effects over time may contribute significantly to the favorable reduction in BP which may be beneficial when CA is functional (late subacute and chronic phases depending on stroke type), thereby providing a potential cardiovascular benefit. Further research is required to confirm this in the stroke population.




Elevation and Rapid Fluctuations in Mean Arterial Pressure Related to Aerobic Exercise (See Table 7 Guideline 6.0)

The American Heart and American Stroke Association guidelines recommend physical activity and exercise across all phases of stroke recovery (237). Our review of animal studies (see Supplementary Materials) suggests initiating exercise in the hyper-acute post-stroke phase with caution if at all. There is scant evidence from human studies to oppose this recommendation. The relationship between CBF and exercise-induced changes in cardiac output, BP, metabolism, arterial blood gases, and neurovascular innervation in healthy populations is poorly understood and far less is known about this complex set of associations in the stroke population. Until there is more research to elucidate the response in the early phases post-stroke a cautious approach should be taken. Given that exercise intensity is the most important parameter of the aerobic exercise prescription from a brain safety and overall efficacy point-of-view, the following section will provide temporal guidelines with respect to aerobic exercise intensity based on available evidence. Strategies will be provided to avoid catecholamine surges and excessive elevation and rapid fluctuations in BP within the first 3 months post-stroke until the expected restoration of CA, BBB, and cardiac function. For a summary of exercise prescription guidelines, see Table 7 Guideline 6 and the Figure 1.


Table 7. Guideline 6.0: Strategies to minimize catecholamine surge and increases in mean arterial pressure.

[image: Table 7]


Aerobic Exercise Intensity

Well-established evidence demonstrates that greater gains in cardiorespiratory fitness (CRF) are possible with higher intensity exercise in stroke and other populations (238–241). Given that increases in CRF are associated with reductions in cardiovascular event rates (242–245), and in view of the progressive nature of cardiovascular disease (246, 247) efforts to train individuals following stroke to optimal target intensity levels are warranted. Indeed, epidemiological and clinical evidence demonstrates CRF as a stronger predictor of mortality than smoking, hypertension, type II diabetes, and high cholesterol (243, 248–252). In addition to CRF benefit, there is compelling evidence that higher intensity aerobic exercise training in the early subacute to late subacute phases of stroke provides an advantage to mobility (253, 254) and to cognitive function in late subacute and chronic stroke and healthy populations (255–261). However, to our knowledge the acute and chronic effect of aerobic exercise intensity on resting and dynamic middle cerebral artery blood flow velocity has never been measured at any time following the stroke event. Indeed, the benefits observed from aerobic exercise on cognition and mobility has not been replicated in the hyper-acute to acute phases post-stroke. Currently, the American College of Sports Medicine exercise recommendations for people following stroke advocate prescribing moderate intensity cardiovascular exercise at 40–70% of HRR or an RPE of 11–14 (“light” to <“hard”) on the 6–20 Borg scale (186). These guidelines do not specify the timing of when to safely initiate or progress patients to higher intensity aerobic exercise.



Higher Intensity Training in the Early Phases Post-stroke

In view of the data presented in section Peripheral and Cerebral Circulatory Considerations for Exercise and Mobilization, exposure to higher intensity exercise (95) within 1 month of stroke may increase the risk of BBB mechanical breakdown and cerebral hyperperfusion injury (Figure 1). The risk could be intensified by elevated and dynamically changing resting BP and structural cardiac complications and arrhythmias. The ischemic penumbra is vulnerable during this time period, and there is a risk of stroke progression, hematoma expansion in ICH, and delayed ischemia and vasospasm in SAH. There is also evidence presented earlier that dynamic CA measured during exercise as well as in recovery in people without stroke is further impaired with high intensity exercise when compared to lower intensity exercise (67, 93, 229, 236, 262). Conversely, there may be benefit from chronic adaptations to early aerobic exercise that leads to improved CA or BBB function (263). However, this has not been tested in people in the early phases post-stroke nor is there evidence of an exercise intensity effect on improved neuroprotection.

Is there an exercise intensity threshold that is safe in the early phases post-stroke? Studies in healthy individuals show that during incremental aerobic exercise, CBF gradually increases in parallel with exercise intensity until ~60–70% of VO2max. Exceeding this intensity typically results in either a plateau or progressive reduction in CBF toward resting values as induced by cerebral vasoconstriction in concert with exercise-induced hyperventilation [reviewed in Smith et al. (264)]. Prescribing exercise at an intensity below the level of expected peak CBF velocity in the early phases post-stroke may be a safe target to prevent hyperperfusion given that impaired CA may not induce cerebral vasoconstriction at the critical intensity for cerebral protection.

The degree to which CBF and cerebral perfusion are affected during exercise is related to the magnitude of hypocapnia induced by hyperventilation and this can occur at a different intensity relative to VO2max for each individual. Olson et al. conducted a study of 14 healthy individuals and reported that the reduction in CBF velocity occurred above the ventilatory anaerobic threshold (ATh) (at the nadir of VE/VCO2) (265). In a similar study of 14 healthy individuals, maximal CBF velocity occurred at the exercise intensity just below the ATh (respiratory exchange ratio ≤1.0) during graded incremental exercise tests performed to exhaustion (266). Therefore, there may be utility in using the ATh as a metabolically uniform and individualized threshold intensity for determining safe exercise early post-stroke (i.e., an intensity level that occurs prior to achieving peak CBF velocity). Although CBF response to exercise above and below the ATh under conditions of impaired CA has not been reported, since CBF velocity peaks at the ATh in healthy individuals, it may be prudent to prescribe exercise intensity below the ATh or where a non-linear increase in ventilation occurs. A non-linear increase in ventilation typically occurs at the level of the ATh, owing to excess CO2 production (267). Therefore, a graded cardiopulmonary exercise test that is terminated after achieving the ATh early post-stroke would help to determine the intensity parameter of the exercise prescription. However, investigation into the safety of such a test is required. Alternatively, another strategy for guiding exercise intensity is to use the Talk Test. The Talk Test can be used as a surrogate of the ATh (268, 269). The premise is that it is difficult to talk when exercising at or above the ATh.

While exercise just below the ATh may be a safe intensity threshold, it may be a challenge for most people to reach and sustain this intensity owing to disability, fatigue, poor balance, and deconditioning (270). In a study described in section Effects of Aerobic Exercise Within 48 h Post-stroke, people were challenged to reach less than moderate intensity effort when treadmill aerobic exercise was initiated 41.5 ± 14 h post-stroke (193). Over half experienced symptoms and half ended exercise sessions because of exhaustion, some of which could be related to central fatigue (271). Participants attained the targeted exercise intensity (50% of predicted HRR) in only 31% of sessions. Yet, only participants with mild to no disability were included in the study and body weight supported exercise was used when needed. This raises the possibility that only patients with less than mild disability would be able to reach intensity levels during walking that would provide a cardiovascular stimulus sufficient to achieve the neurologic benefit observed in animal models. In a recent study, our group revealed that only 28% of 61 people post-stroke with mild to moderate gait deficits were able to reach a walking intensity at or above the ATh when asked to walk at their maximal speed for 6 min (270). These patients were a mean of 13 ± 23 months post-stroke and time elapsed from the stroke did not influence ability to reach the ATh during the walking assessment (p = 0.5). Further, 58.3% were able to reach at most, a level that was 10% lower than the ATh and 73.3% at most, a level that was 15% lower than the ATh. Alternative modalities to walking, such as stationary cycling, may be better tolerated allowing higher intensity exercise but as demonstrated in two small randomized control studies may not result in improvements in ambulation (272, 273). Therefore, a training intensity that is likely feasible during a walking prescription and safe from a cerebral and cardiovascular point-of-view in the early-phases post-stroke is to start at light intensity and progress patients to a heart rate that is 10–15% lower than the heart rate that occurred at the ATh on a cardiopulmonary exercise stress test, or talk test; i.e., less than moderate intensity. Gradual intensity progression may also help to reduce risk of musculoskeletal issues owing to altered gait patterns.



Protecting the Brain From Excessive Elevation and Rapid Fluctuations in Mean Arterial Pressure

Beta-adrenergic blocking medication such as Metoprolol (Lopressor) and Atenolol (Tenormin) are prescribed to ~30–40% of people post-stroke (274). Beta-adrenergic blockade reduces cardiac output and CBF with exercise (162, 275). Therefore, patients who are prescribed a beta-blocker but are not at high risk of OH can be advised to perform aerobic exercise at a time when the medication is at maximum effect (i.e., ~2–4 h after oral administration depending on dose) as this may provide an extra level of cerebral protection. This would be expressly important for people with elevated resting BP. Another precaution for patients with borderline high resting BP in the early phases post-stroke is to prescribe exercise that engages a small amount of muscle mass (276), as greater muscle mass engagement is associated with a greater pressor response along with higher catecholamine concentrations that produce a higher BP response (277). For example, avoid prescribing exercise on modalities that engage both upper and lower extremities such as the elliptical machine and rowing ergometer (277). Another strategy to mitigate BP during exercise and for added cerebral protection is to avoid exercising in the morning. While not measured in stroke patients specifically, there can be early morning “surges” in BP and heart rate that have been observed in free-living conditions (278). In addition, early morning CA has been shown to be impaired in healthy people (62).

In healthy adults, there is a 5–10 s CA response time to a change in BP (279). Characterizing time delay has not been studied in humans following stroke. However, repeated exposure to rapidly changing blood flow that is not adequately controlled by CA has been associated with damage to the cerebral capillary bed (41). Therefore, precautions include avoiding exercise that results in rapid fluctuations in BP such as high intensity interval training and rowing in the early phases. The BP changes are likely too rapid to be immediately countered by CA which can result in pulsatile blood flow to the brain. Rowing results in both high concentrations of catecholamines likely related to the large muscle mass engaged and rapid fluctuations in cerebral perfusion pressure (277). In a study of 12 rowers, mean cerebral blood velocity increased to a peak of 88 ± 7 cm s−1 during the catch phase of the rowing cycle; this was also the phase that elicited the highest mean BP of 125 ± 14 mmHg. Also, avoiding sudden transitions in intensity by instituting a gradual ramping up or down in intensity during the warm up and cool down period to allow CA function time to respond is recommended.

In addition, avoid prescribing exercises that have an isometric component (like rowing) and that risk performing the Valsalva maneuver. There are multiple phases to the Valsalva maneuver, and each phase can have variable effects on cerebral perfusion pressure (280). CA in healthy individuals in some cases responds too slowly to counteract the sudden changes in BP related to the Valsalva maneuver. In the release phase for example, when there is a sudden release of the strain pressure, there is an elevated risk of cerebral hypoperfusion (281, 282). Early effects of stroke may further slow CA response time and have a deleterious effect. While this requires validation in stroke patients, it is recommended to avoid performing the Valsalva maneuver such as might occur in the catch phase of rowing.





CONCLUSIONS

The timing of initiation and rate of progression of exercise and activity parameters are contingent on recovery of CA, resting BP, BBB function, hemorrhagic stroke parameters, ischemic penumbra, and cardiac-related complications. All physiological systems must be considered, including cardiac recovery that has to this point not been specifically considered. The early phases post-stroke are a dynamic and volatile time and careful application of mobilization and exercise therapy is required. Mobilization strategies need to mitigate the risk associated with orthostatic hypotension and prolonged standing, while exercise prescriptions need to be cognizant of the extent of BP elevation during exercise as well as the potential for post-exercise hypotension immediately thereafter. The strategies, precautions, and considerations, suggested herein, to safely mobilize patients are not resource intensive. Indeed, they are modifications to what is currently being practiced. We have also provided a more carefully considered screening criteria based on the literature.

Future studies may reveal a more complex association between timing of exercise interventions and recovery. Early interventions may prove beneficial to one parameter of stroke recovery such as cognition, but potentially harmful to another parameter. A profile of characteristics, including coexisting conditions such as diabetes, to identify patients that may benefit from a more rapid progression to higher intensity exercise should be undertaken. We have learned considerably from the AVERT study; however, before other studies of this magnitude and design are undertaken, it may be prudent to measure the acute effects of mobilization or aerobic exercise to help determine possible adverse effects. If detected, then strategies to counter the possible adverse effects of different intensities, duration, and modality during the early critical phases of the recovery continuum on CBF, BBB permeability, the ischemic penumbra, hematoma expansion, and other important physiological outcomes should be determined.

Effective use of early exercise and mobilization after stroke is currently limited by lack of data. Attempting to develop individualized approaches to exercise prescription are warranted but this requires a more holistic evaluation of the stroke survivor's overall fitness to exercise. Deeper and more comprehensive assessments will likely shed important new light in this important area of stroke recovery research.
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Background: Recent studies of botulinum toxin for post-stroke spasticity indicate potential benefits of early treatment (i. e., first 6 months) in terms of developing hypertonicity, pain and passive function limitations. This non-interventional, longitudinal study aimed to assess the impact of disease duration on the effectiveness of abobotulinumtoxinA treatment for upper limb spasticity.

Methods: The early-BIRD study (NCT01840475) was conducted between February 2013 and 2018 in 43 centers across Germany, France, Austria, Netherlands and Switzerland. Adult patients with post-stroke upper limb spasticity undergoing routine abobotulinumtoxinA treatment were followed for up to four treatment cycles. Patients were categorized by time from stroke event to first botulinum toxin-A treatment in the study (as defined by the 1st and 3rd quartiles time distribution) into early-, medium- and late- start groups. We hypothesized that the early-start group would show a larger benefit (decrease) as assessed by the modified Ashworth scale (MAS, primary endpoint) on elbow plus wrist flexors compared with the late-start group.

Results: Of the 303 patients enrolled, 292 (96.4%) received ≥1 treatment and 186 (61.4%) received 4 injection cycles and completed the study. Patients in all groups showed a reduction in MAS scores from baseline over the consecutive injection visits (i.e., at end of each cycle). Although reductions in MAS scores descriptively favored the early treatment group, the difference compared to the late group did not reach statistical significance at the last study visit (ANCOVA: difference in adjusted means of 0.15, p = 0.546).

Conclusions: In this observational, routine-practice study, patients in all groups displayed a benefit from abobotulinumtoxinA treatment, supporting the effectiveness of treatment for patients at various disease stages. Although the data revealed some trends in favor of early vs. late treatment, we did not find strong evidence for a significant benefit of early vs. late start of treatment in terms of reduction in MAS scores.

Keywords: abobotulinumtoxinA, botulinum toxin, Dysport, spasticity, stroke


INTRODUCTION

A significant percentage of patients develop upper limb spasticity after stroke. In general, upper limb muscles are more affected than lower limb muscles, with the arm being severely affected in about 30% of stroke survivors (1–3). Spasticity interferes with routine task performance, contributes to the development of joint contractures and pain, makes hygiene, and self-care difficult and ultimately has great impact on patient and caregiver quality of life (QoL) (4–7). Spasticity may evolve early in the post-stroke period, with one in five patients developing spasticity within 3 months of the stroke event (8, 9). Some studies have demonstrated muscle tone changes in the affected limbs within just 3 weeks after the stroke event (10–12).

Botulinum neurotoxin A (BoNT-A), including abobotulinumtoxinA (Dysport®, Ipsen Pharma, Wrexham UK), is recommended as a first-line pharmacological treatment option for spasticity (13, 14), but is not typically initiated until spasticity is well-established, and often much later (15). Systematic reviews based on randomized, controlled trial evidence have confirmed that BoNT-A is well-tolerated and effective for the treatment of upper limb spasticity (16, 17). However, to date, most interventional studies have been restricted to patient cohorts with chronic spasticity (i.e., at least 6 months, and an average of 2.5 years post-stroke) (16–18). This limited evidence-base has influenced current guidelines remaining unclear about treatment goals considering different stages and severity of spasticity. AbobotulinumtoxinA is approved for the management of adult upper (and lower) limb spasticity. Recent randomized, placebo-controlled data indicate potential benefits of early treatment with abobotulinumtoxinA in terms of delaying development of hypertonicity, reducing pain and passive function limitations (18–20), and it has further been suggested that early injections may be helpful in preventing contracture development, with potential to unmask active functional improvement (18, 21). Indeed, exploratory analyses of studies of abobotulinumtoxinA in upper limb spasticity management have suggested that the most influential factors predicting goal achievement are previous treatment status (whether the patients were de novo or had been previously treated with BoNT-A) and time since spasticity onset as well as the spasticity pattern, and overall injection dose (22).

The aim of the early-BIRD (early Botulinum toxin treatment: Initial and Repeated Documentation) study was to evaluate the real-world effectiveness of abobotulinumtoxinA on the evolution of spasticity in patients with post-stroke upper limb spasticity according to the time from stroke to start of BoNT-A treatment. We hypothesized that patients who start treatment with abobotulinumtoxinA early in their treatment journey will show a larger effect (i.e., reduction in spasticity from baseline) as assessed by the composite sum of the modified Ashworth scale (MAS) at the elbow and wrist flexors when compared to those who start treatment later in their disease course.



METHODS


Study Setting

The early-BIRD study was an international, multicenter, non-interventional, prospective, longitudinal study conducted in 303 post-stroke survivors undergoing treatment in 43 centers specializing in outpatient spasticity treatment across Germany, France, Austria, Netherlands and Switzerland. The study began in February 2013, recruitment continued until February 2016, and the study completed in February 2018. The study was conducted in compliance with the Declaration of Helsinki, the International Ethical Guidelines for Epidemiological Studies and the International Society for Pharmacoepidemiology (ISPE) Guidelines for Good Pharmacoepidemiology Practices (GPP); it was registered at clinicaltrials.gov as NCT01840475. Ethics approval was obtained from the relevant independent ethics committee at each study center. All patients provided written informed consent for trial participation, including specific consent that they were willing to fill in the QoL questionnaire (EQ-5D-3L) at three visits.

Since this was a non-interventional study, investigators were asked to report adverse events (AEs) to the safety department of the drug manufacturer using the usual local process for such reactions.



Patients

Patients were recruited on an out-patient basis through the participating specialist centers (BoNT-A clinics, rehabilitation clinics, or neurological practices) where they were undergoing routine assessment and treatment. Investigators recruited all adult patients (aged at least 25 years old) with hemiparesis and clinically relevant post-stroke upper limb spasticity who consented to study participation during a pre-defined time-frame. Eligible patients were either currently being treated with a BoNT-product or considering starting treatment in line with the local prescribing information and usual medical practice. The decision to prescribe abobotulinumtoxinA was made prior to and independently from the decision to enroll the patient in this non-interventional study. Out-of-routine diagnostic or therapeutic interventions were not permitted during this study. Key exclusion criteria included: recurrent stroke, sensitivity to abobotulinumtoxinA, or its excipients, any contraindications as given in the local SmPC for Dysport®, and current participation in an interventional trial.

The maximum number of patients per center was 20. Investigators were permitted to space the inclusions (e.g., inclusion of 1 patient after every 2, or 3, etc. patients) but had to follow the same recruitment frequency until achievement of the recruitment target.



Assessments

Study data collected as part of routine medical care were captured using an electronic Case Report Form (eCRF). Aside from the EQ-5D-3L which was self-completed by the patients (with or without caregiver assistance), investigators were only required to record outcome assessments they routinely perform in their clinical practice. Thus, some sites did not complete all sections contained within the eCRF. Patients were followed for a maximum of 4 routine abobotulinumtoxinA treatment cycles. The timing of assessments was in accordance with routine medical practice for the investigator. Other than this, no specific instructions on the timing of treatment were given in the study protocol.

The primary measurement of effectiveness was the modified Ashworth Scale (23) (composite sum of elbow and wrist flexors; MASEWF) at the end of treatment cycle 4 (visit 5) or last study visit. The composite MASEWF is the sum of the MAS measured at the elbow and at the wrist, which was chosen for this routine practice study because is easier to perform than determining a primary targeted muscle group. Other routine assessments included demographics and relevant medical history, date of stroke event, use of physical and occupational therapy, pattern of upper limb spasticity involvement (24), passive and active Range of Motion (PROM and AROM) assessments, pain assessment [on a visual analog scale [VAS] at rest], and treatment satisfaction, as well as injection details (dose, muscles injected etc.). In addition, many specialist centers routinely use a goal setting approach, including Goal Attainment Scaling (GAS) to assess effectiveness of the treatment (25, 26). Investigators negotiated and agreed the main treatment goal(s) with the patient at the baseline visit. As previously suggested (27), goals were categorized under the following six domains: improvement of mobility, pain reduction, ease of care and hygiene, support and ease of physiotherapy (PT) and/or occupational therapy (OT), functional improvement (with definition of individual functional goal) and other (to be specified). Goal attainment was rated as “fully achieved,” “partly achieved,” or “not achieved” at each visit. Investigators were asked to report adverse drug reactions directly to the safety department of the study sponsor.



Statistical Analyses

The study population included all patients who received ≥1 injection of abobotulinumtoxinA and had ≥1 valid MAS measurement post-baseline. For the primary effectiveness endpoint, patients were categorized into sub-groups (early-start, medium-start or late-state) according to the first and third quartiles time distribution (first quartile = early group; final quartile = late group) since the stroke event until start of BoNT treatment.

The primary effectiveness assessment (MAS) was analyzed with an analysis of covariance (ANCOVA) where the model included a start of treatment group (early/medium/late), and baseline MAS value. Other potential prognostic factors/covariates were tested for inclusion in the model in a stepwise selection process. The first step was based on univariate testing of candidate prognostic factors/covariates (full list provided in the Table e1). All factors with a critical significance level of 0.20 were included in the second step that compared each retained variable against the other retained variables (at the 0.001 level using Pearson correlation for continuous variables, Chi-square test/Fisher's exact test for categorical variables and Kruskal–Wallis for mixed categorical and continuous variables) to confirm that there was no strong link between them. If independence was not met for two variables (p < 0.001), the choice was done according to clinical relevance. Retained variables after step 2 were included in the stepwise multivariate model and kept if the p < 0.2. Patients categorized as medium-start were included in the model, but the primary comparison was between early-start and late-start.

Comparisons of (i) MASEWF at each study visit (Visits 2, 3, 4 and 5) and (ii) change in MASEWF scores at study Visit 5, between early-start and late-start patients (with and without stratification by previous BoNT exposure) were analyzed as secondary effectiveness variables using a similar model (ANCOVA including start-of-treatment group and baseline MAS) as the primary effectiveness endpoint. Other endpoints included descriptive analyses of MASEWF scores in the early, medium and late group with (exploratory) and without (secondary) stratification by BoNT exposure.

Between group differences in goal attainment and treatment satisfaction were analyzed using proportional odds models including treatment group as fixed effects. Changes in AROM, PROM and pain from Visit 1 to Visit 5 were analyzed using an ANCOVA where the model included start of treatment group and baseline values. Finally, changes from baseline in MAS and other endpoints, including EQ-5D-3L, were summarized descriptively by start of treatment group.



Sample Size Estimation

It was estimated that a total of 150 patients was required to achieve 80% power in detecting an effect size of 0.5 on the composite MAS between the early-start and late-start groups at the 2-sided 5% significance level. To achieve a sample size of 150 patients in the early-start and late-start groups (75 in each group), a total of 300 patients was required.




RESULTS


Patient Disposition and Baseline Characteristics

Of the 303 patients enrolled, 257 (84.8%) received treatment and had one post-baseline measurement of MAS, and 186 (61.4%) received 4 injection cycles and completed the study. The most common reason for early discontinuation was loss to follow-up (Figure 1). Per protocol, the study population was categorized into treatment groups: early-start n = 63, medium-start n = 126 and late-start n = 63; five patients were not categorized due to lack of information. Baseline characteristics are given in Table 1, overall 147 patients were previously-treated with a BoNT and 110 patients were naïve to BoNT treatment. Of note, the mean age at inclusion was higher and the mean age at stroke was lower in the late-start group vs. the other groups.


[image: Figure 1]
FIGURE 1. Patient disposition. *Five subjects in the study analysis population were not categorized in the start of treatment groups due to lack of information reported in the eCRF.



Table 1. Baseline (Visit 1) characteristics.
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Treatment Exposure

The mean ± SD time from stroke until start of first BoNT-A treatment was 3.74 ± 1.75 months in the early-start group, 20.11 ± 11.08 months in the medium-start group and 144.24 ± 90.85 in the late-start group. The time from documented onset of spasticity to start of first BoNT-A treatment was 1–5 months shorter than time since stroke; mean ± SD times since onset of spasticity were 2.60 ± 1.96, 17.20 ± 11.76, and 138.63 ± 91.82 months, respectively.

Most patients (n = 190, 73.9%) received 4 injections of abobotulinumtoxinA during the study period. Taken overall, the mean total dose of abobotulinumtoxinA over the study was 743.08 ± 356.60 U and the mean time between injections was 3.69 ± 1.27 months. Overall dose exposure per cycle by groups is presented in Table 2. Mean ± SD total doses increased over the course of the study; from 675.7 ± 308.6 U to 718.9 ± 473.8 U in the early-start group, and from 745.3 U ± 402.6 U to 861.9 U ± 401.6 U in the late-start group. The overall (averaged) time between study injections was longer in the early-start vs. late-start group (3.70 ± 1.16 months vs. 3.46 ± 0.76 months).


Table 2. AbobotulinumtoxinA exposure.
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Modified Ashworth Scale

Patients in all groups showed a reduction in MASEWF scores from baseline over the consecutive injection visits (i.e., at the end of each cycle) (Figure 2A). Although the primary analysis showed a numerically lower MASEWF score (LS mean) for the early- compared to the late- start treatment group (3.72 ± 0.28 vs. 3.87 ± 0.28), the difference at V5/last observed visit did not reach statistical significance (ANCOVA, p = 0.5465) (Table 3).


[image: Figure 2]
FIGURE 2. Descriptive statistics for MASEWF by study visit, early-start vs. delayed start subgroups (A) overall population, (B) BoNT-naïve population, and (C) previously treated population. Study visits were at end of treatment cycle.



Table 3. Primary ANCOVA analysis.
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Analysis by prior treatment showed that for the patients who were previously BoNT-naïve, there was a numerically larger reduction in the mean MASEWF scores in the early-start (despite a slightly lower baseline) vs. late-start patients from Visits 2 to 5 (Figure 2B); however differences were not statistically significant in the ANCOVA model (p-values ranged from 0.4788 to 0.8150). This clear pattern was not apparent in those patients who had been previously treated with a BoNT prior to study entry (Figure 2C). Previously treated patients showed lower MASEWF scores at baseline in both groups compared to BoNT-naïve patients.



Goal Achievement

Analysis of baseline goal choice revealed that patients in the early-start group appeared more likely to list pain reduction as a key goal than those in the late-start group (54.0 vs. 39.7%, respectively) and functional improvement (38.1 vs. 27.0%, respectively). Conversely, improving ease of care and/or hygiene and supporting ease of PT and/or OT appeared to be chosen more frequently by patients with a longer duration of spasticity until BoNT treatment. Similar proportions of patients in all groups selected improvement of mobility as a treatment goal.

Overall at Visit 5, treatment goals were at least partially achieved for all groups (Table 4). At most visits, there were no significant differences in goal achievement between the early and late-start groups. However, at Visits 2 and 3, the treatment goal “functional improvement” was significantly better achieved in the late than in the early-start group (p = 0.0179 and 0.0312, respectively). At Visit 5, the treatment goals “Improvement of mobility/flexibility” and “Support and ease of PT/OT” were significantly better achieved in the early than in the late start of treatment group (both p = 0.04). Whereas, the mean number of hours per week for subjects using PT and/or OT decreased by about an hour in the early start of treatment group (from 3.49 ± 3.23 h at baseline to 2.34 ± 1.41 h at Visit 5), it increased by over an hour in the late start of treatment group (from 2.06 ± 1.37 h at baseline to 3.30 ± 7.08 h at Visit 5).


Table 4. Goal achievement.
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Pattern of Upper Limb Spasticity Involvement and Range of Motion

In terms of spasticity pattern, Types III and IV predominated at each visit. There were no significant differences at Visits 3 (p = 0.18) or 5 (p = 0.06) in the type of spasticity pattern between early-start and delayed-start groups.

Descriptive data for PROM and AROM at each visit are given in Table 5. The only significant difference between groups was PROM at the wrist joint at Visit 5, where the LS mean PROM was significantly higher in the early-start group vs. the late-start group (difference in LS mean −21.1 [95%CI: −38.7, −3.47], p = 0.02). Other changes in AROM and PROM at the wrist joint were not significantly different between groups.


Table 5. Passive and active range of motion by visit.
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Pain

Patients in the early-start group reported higher pain scores than those in the late-start group at baseline (3.92 vs. 2.30, respectively). Whereas, patients in the early-start group showed a trend to reduced pain, and particularly over the first injection cycle, patients in the late-start group reported relatively stable pain scores over time (Figure 3A). However, while LS mean of pain scores tended to be lower in the early-start vs. late-start group from Visits 3 to 5, the differences were not significant in the ANCOVA model (p-value ranged from 0.055 to 0.196).


[image: Figure 3]
FIGURE 3. Effects on pain (A) Descriptive statistics for pain score (VAS), early-start vs. delayed start subgroups (B) Patient quality of life (EQ-5D pain/discomfort domain). Study visits were at end of treatment cycle. VAS, visual analog scale.




Quality of Life and Treatment Satisfaction

Stronger increases in the mean quality of life EQ-5D index scores were observed in the early start of treatment group compared to the late start of treatment group. In the early-start group, mean EQ-5D index scores continuously increased from 0.54 ± 0.26 at baseline to 0.72 ± 0.18 at Visit 5. Although mean EQ-5D index scores in the late-start group also increased from 0.61 ± 0.31 at baseline to 0.65 ± 0.26 at Visit 5, the increase was not continuous. Overall, in all 5 dimensions, the percentage of subjects having no problems increased for all dimensions between Visit 1 and Visit 5 in the early-start group. By contrast, the percentage of subjects having no problems tended to remain similar in the late-start group (Figure e1). The main exception to this rule was pain, which tended to improve in all groups, and particularly in the early-start group. By Visit 5, no patient reported extreme pain in the early-start group (vs. 15.9% at visit 1) (Figure 3B).

Satisfaction with treatment was good across treatment groups; patients, investigators and caregivers were generally satisfied with the treatment at Visits 3 and 5 (Figure 4). There were generally no significant differences in treatment satisfaction between the early-start and delayed-start groups, except for the investigator's satisfaction at Visit 3 which was significantly better for the late-start group than for the early-start group (p = 0.047).


[image: Figure 4]
FIGURE 4. Satisfaction with treatment. Study visits were at end of treatment cycle. Satisfied = satisfied + very satisfied; Dissatisfied = unsatisfied + very unsatisfied.




Safety

No new safety issues arose from the study. A total of 47 AEs were reported, including 39 serious AEs in 21 patients. There were 7 deaths (myocardial infarction =1, cardiac arrest =1, cholangitis =1, lung cancer progression =1, cause not reported =3), none were considered treatment-related. Four of the 39 serious AEs were considered potentially related to treatment (listlessness, muscular weakness and two events of fall).




DISCUSSION

The results of this open-label, routine practice study did not show an overall significant difference in tone when abobotulinumtoxinA was started earlier (0–7 months) compared to later (36–443 months) in the patient treatment journey. Treatment with abobotulinumtoxinA was consistently effective in reducing spasticity as well as spasticity/stretch- related pain, whether started early after the stroke event or later, indicating a continued benefit of repeated abobotulinumtoxinA injections regardless of chronicity. MASEWF scores were, however, descriptively lower in the early-start group than the late-start group at each retreatment visit and at the end of study, and this trend was particularly apparent in patients who were new to BoNT-A treatment. No new safety findings emerged from this study with doses up to 2,000 U.

Clinical guidelines recommend that spasticity is treated when it becomes troublesome and impacts the patient's life (14). The similarity of baseline MAS scores between the three groups confirm prior observations that clinically relevant spasticity (as measured by muscle tone) develops in the first 3 months after stroke (10, 11, 18). Our definition of the “early-start” group generally aligns with the recently agreed definition of the “subacute phase” as proposed by The Stroke Recovery and Rehabilitation Roundtable taskforce (9). Most patients in the early-start group were either in the “early subacute” phase (1 week to 3 months) or the “late subacute” phase (3–6 months). Our findings show that patients treated in the subacute phase experience at least a similar (and a tendency for better) benefit than those treated in the chronic stages after stroke. Importantly, we observed continued effectiveness and safety with repeat treatments. Thus, as suggested by Rosales and colleagues (20), it follows that patients who receive early treatment will gain more time living with reduced spasticity than if they were treated later in their lifetime. In addition, the conditions for rehabilitation are typically better in the subacute vs. the chronic phase. There is evidence of continued neuroplasticity in the subacute phase, and it is intuitively easier to treat a patient before the development of intrinsic muscle changes and contractures that can worsen the severity of spasticity (9, 11, 28–30). Indeed, we saw a significant difference in PROM at the wrist joint between the early- and late- start groups. This is of direct practical importance because many of our patients were at risk of palmar flexion, which once the wrist goes beyond 70°, is hard to treat except by surgery. Further, it has been suggested that starting treatment early may prevent the development of secondary complications, allowing the spasticity to be effectively managed with lower doses of BoNT (18). Our findings support this concept of lower dosing in the subacute phase and also indicate that the time between injections may be longer in the earlier stages than the late stages.

The impact of previous treatment was highlighted by the descriptive results when analyzed by prior exposure to BoNT therapy. While there was a numerically larger reduction in mean MASEWF scores in the early-start vs. late-start BoNT-naïve patients, this pattern was not apparent in the previously-treated patients, again supporting the effectiveness of an early-start. Recent Phase III studies of repeat treatment with abobotulinumtoxinA have shown that spasticity parameters continue to improve with repeat treatments (31), and our observations in the treatment naïve patients suggest this may be especially true in the earlier (i.e., first three or four) treatment cycles where we saw a continual reduction in MAS scores–in both the early and late start groups. MAS scores for the previously treated patients were lower than for the BoNT-naïve group and were relatively stable, indicating that they were already well-managed. However, statistical significance between early- and late- start of treatment in the ANCOVA model was not achieved for BoNT-naïve patients, although this may also reflect the much reduced sample size. Another limitation is that, in line with its real-life design, we assessed MAS scores at end of treatment cycle, rather than at peak effect. It is likely that measuring the MAS and other parameters 3–4 months after injection when the pharmacological effect is expected to be waning, might hide a stronger effect of BoNT-A treatment during the treatment cycle.

Goal achievement was generally good in this study. Since treatment goals are necessarily tailored to be appropriate for the individual needs of the patient at the time of treatment, it is perhaps to be expected that there were no significant differences in goal achievement between the early- and late- start treatment groups. Of interest, patients in the early-start group reported higher pain scores and more frequently chose reduced pain as a treatment goal than those in the late-start group. This is noteworthy as pain in poststroke patients is often only associated with contractures and painful postures in chronic spasticity, which is less likely to be the cause of pain in the early-start group. This is an important observation as stretch-related pain is a common barrier to patient adherence with home-based physiotherapy (32). Previous studies have shown beneficial effects of BoNT-A on post-stroke pain (22, 33, 34), and our data extends this finding to patients with early post-stroke spasticity and particularly in the first abobotulinumtoxinA treatment cycle. The reasons for this better effect in the first cycle merit further exploration, but may include an indirect effect through reduction of painful spasms (33).

A common indication for BoNT-A therapy is to reduce tone in order to permit more effective OT and PT with respect to gaining function (26). While the goal of improving ease of PT or OT appeared to be more relevant for patients in the late-start group, it is pertinent to note that this goal was significantly better achieved in the early- than in the late-start of treatment group (p = 0.04). There is some limited evidence that certain task-based PT and OT approaches are more effective when started earlier post-stroke than later, and it may be that earlier use of BoNT-A may help patients make the most of an early window of opportunity (35, 36). Moreover, the number of hours spent at PT/OT reduced in the early compared to late group (mean decrease of almost 1 h vs. an increase of almost 1 h). It may be that BoNT-A injection (and study participation) caused some re-energization in late-start patients to participate in OT and PT programs. A limitation of this study is that we only considered hours of therapy, and not type of therapy. Other ongoing studies, such as the ULIS III program are currently collecting data to address this important issue (37).

Satisfaction with treatment was generally good across the whole patient cohort with few significant differences between groups. Ratings of treatment satisfaction were generally similar for patients, investigators and caregivers, although many caregivers were not assessed. This highlights the need for including the caregivers in discussing treatment expectations as well as providing caregiver support. Taken overall, we observed a generally stronger increase in quality of life scores in the early-start compared to the late-start group. In particular, patients in the early-start group showed good improvements in self-care and usual activities, whereas these domains remained more stable in the middle and late-start groups. Quality of life in terms of anxiety and depression domain scores improved in all patients during the study; here a limitation of this routine-practice study is that we cannot tease out the effects of the treatment from external factors such as acceptance and learning to cope with having spasticity. Other studies have found spasticity and social needs to have the strongest impact on quality of life following a stroke (38).

To our knowledge, this is the first prospective evaluation of the long-term effectiveness of routine botulinum toxin treatment on the recovery of upper limb spasticity in relation to the time since stroke. Limitations of the study include the high dropout rate primarily driven by loss to follow-up, with the consequence of relatively small patient numbers, especially at the later visits. As seen in the various analyses, prior exposure to BoNT therapy appears to be an important confounder of results. The study originally planned to primarily enroll BoNT naive patients, but problems with recruitment meant that the study had to be opened up to patients already under treatment. Since this was an observational study, we did not have complete datasets for each variable evaluated and it would have also been valuable to include more patient reported outcomes (as well as satisfaction with treatment) to give the patients perspective on their spasticity management. Finally, another important limitation is our quartile-based definition of early-start treatment, where the mean time since stroke was 3.2 months. This is just on the upper limits of the study-based definitions for “very early intervention” where botulinum toxin has been given within 2–12 weeks of the event to try and target neutrally mediated spasticity (18–20). Other factors having influenced the outcome might be the measurement not at peak effect, but rather at the end of the treatment effect and the shorter intervals and higher dose in the late compared to the early group. This is an interesting finding in itself, as it suggests similar or slightly better effects can be obtained when treating early–even when saving toxin and intervals.



CONCLUSION

Taken overall, the results of this study confirm the utility of abobotulinumtoxinA injections at all stages of disease and support the idea that all patients whose spasticity is troublesome merit goal-directed treatment, regardless of whether it is started in the early or latter stages of the patients disease journey. Continuous treatment should be offered to patients where their treatment goals are considered amenable to BoNT-A treatment. Although our primary effectiveness analyses did not show a significant difference between early- and late- start of treatment, exploratory analyses in BoNT-naive patients showed a trend in favor of early treatment that merits further exploration.
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Background: There is an increasing trend for researchers to combine mirror therapy with another rehabilitation therapy when treating the upper extremity of patients with stroke.

Objective: To evaluate the synergistic effect of combined mirror therapy (MT) on the upper extremity in patients with stroke and to judge efficacies of four combined mirror therapy subgroups [EMGBF group: electromyographic biofeedback (EMGBF) + MT; MG group: mesh glove (MG) + MT; AT group: acupuncture (AT) + MT; ES group: EMG-triggered electrical stimulation (ES) + MT].

Methods: CNKI, Wan Fang, VIP, Web of Science, ScienceDirect, PubMed, OVID LWW, and Cochrane were used. We searched these databases for randomized controlled trials published from January 2013 to August 2019, which presented results of combining mirror therapy with other rehabilitation therapies. Quality assessments were performed using the Cochrane Handbook criteria in order to accurately review interventions. The primary outcomes were measured by the Fugl–Meyer Assessment—upper extremity (FMA-UE).

Results: Ten trials, with a total of 444 patients whose upper limb functions were damaged after stroke, were included in the meta-analysis. Compared with the control group, a remarkable effect of combined mirror therapy [all: weight mean difference in random effects model (WMD): 8.07, 95% confidence interval (CI) 5.87, 10.26] on functional recovery of the upper limb was detected. However, a high value of heterogeneity (χ2 = 20.09, df = 9; I2 = 55%) was found. The subgroup analysis (EMGBF group: WMD = 8.95, 95% CI 6.33, 11.58; ES group: WMD = 10.14, 95% CI: 5.67, 15.01) showed moderate improvement in functional recovery of the upper extremity in patients with stroke when mirror therapy was combined with conventional therapy. Furthermore, no difference in efficacy on upper extremity in patients with stroke was observed between the EMGBF group and the ES group.

Conclusion: Despite the heterogeneity, the results indicate that combining mirror therapy with another rehabilitation therapy on the upper extremity in patients with stroke is better than single rehabilitation therapy. However, more randomized controlled clinical trials and larger sample sizes are required for an in-depth meta-analysis.

Keywords: mirror therapy, combined therapy, upper limb, stroke, functional recovery


INTRODUCTION

Stroke is one of the primary causes of disability not only in middle-aged but also elderly people worldwide (1). Stroke survival is often accompanied by paralysis of the upper and lower limbs, which seriously affects the quality of life of patients (2, 3). Therefore, rehabilitation therapy after stroke is very important.

Several current interventions are used to improve upper limb function, including mirror therapy (MT) (4, 5), constraint-induced movement therapy (6, 7), acupuncture (8), electromyographic biofeedback (EMGBF) (9), afferent stimulation (10), and robot-assisted therapy (11). Recently, the promising therapy, MT, is popular with researchers due to it being simple, cheap, and maneuverable. Among them, MT refers to the application of a simple device, called a “mirror box,” which uses the principles of the same object image and distance reflected by the plane mirror to replace the normal limb image, which achieves the rehabilitation goal of eliminating abnormal sensation and restoring motor function (12). For example, Ramachandran et al. first discovered that the mirror box could provide a useful new tool to reconstruct the sensory circuitry of phantom limbs (13). Stevens and Zeng et al. further found that in hemiplegia, the function of the damaged limb significantly improved within 3 months in hemiplegia, indicating the potential of using mirror therapy as a cognitive strategy for upper extremity functional recovery (14, 15). Yavuzer and Rothgangel et al. reported that the improvement of upper extremity with mirror therapy was obvious than with conventional treatment program (16, 17). To further improve treatment effect, researchers combined mirror therapy with another rehabilitation therapy on upper extremity in patients with stroke and found preliminary evidence that combined mirror therapy is more effective than pure rehabilitation therapy (18, 19). Therefore, in recent studies, researchers are focusing more on mirror therapy with the combination of electromyographic biofeedback, mesh glove, acupuncture, or EMG-triggered electrical stimulation applied for the rehabilitation of the upper extremity.

EMG-BF has been established as a significant treatment for all kinds of peripheral nerve injuries (PNI) (20, 21). It improves motor function by promoting proprioceptive feedback caused by cortical recombination and muscle contraction through sensory stimulation (22). As early as 1982, Basmajian et al. found that the myoelectric biofeedback treatment for stroke patients with hemiplegia can significantly improve the recovery of upper limb motor function in stroke patients with hemiplegia (23, 24). Mesh glove (MG), a type of whole-hand electrical afferent stimulation, has been demonstrated to reduce muscle hypertonia and modify voluntary motor control as well as increase wrist extension motion. Therefore, it is expected to improve the daily life ability of stroke patients with a chronic neurological deficit (25, 26). Studies have shown that MG is likely to play an important role in plastic changes in the primary motor cortex and have a long-term influence on motor cortical excitability (26, 27). Acupuncture (AT) plays an irreplaceable role in traditional Chinese medicine and has a history of more than 3,000 years of use in China (28). As a unique Chinese medicine treatment, it is widely used to improve movement, sensation, speech, and other neurological functions in stroke patients (29, 30). EMG-triggered electrical stimulation (EMG-ES) is a process to increase electrical stimulation, starting with stimulation of a specific motor and reaching a threshold for muscular contraction. In the EMG method, when activity reaches the threshold for muscular contraction, the patient receives an additional electrical stimulus until there is maximum extension of the wrist several times to determine the target stimulation (18, 31). These four treatments have respective advantages and complement each other. Thus, the mirror therapy combination is regarded as a promising strategy for the treatment of the upper extremity in patients with stroke.

However, data is still not completely accurate, and further studies are still necessary. The aim of this meta-analysis is to investigate the synergistic effect of mirror therapy combined with other rehabilitation therapies on the upper extremity in patients with stroke, to screen for more effective rehabilitation methods for patients.



METHODS


Data Sources and Search Strategy

According to the guidelines for randomized controlled trials provided by the Cochrane systematic evaluation of interventions, we systematically searched for studies published from January 2013 to August 2019 in the following databases: CNKI, VIP, Wan Fang, Web of Science, ScienceDirect, PubMed, OVID LWW, and Cochrane library.



Quality Appraisal

To ensure the reliability of the included studies, two independent authors screened each study to assess quality using the criteria of the Cochrane Handbook (update 15.1.0) and the PEDro scale for reviewing interventions. The risk assessment criteria in the Cochrane Handbook are as follows (32): random sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personnel (performance bias), incomplete outcome data (attribution bias), selective outcome reporting (reporting bias), and other source of bias. The PEDro scale contains 11 items: inclusion criteria, random allocation, allocation concealment, baseline similarity, blinded subjects, therapist and referees, recording the key findings of 85% of the subjects, completing the target therapy, intergroup analysis, and primary outcome. Before the two authors evaluated the quality of studies, they studied the manuals, discussed differences in their views, and reached a consensus. When the two authors finished quality appraisal, a third professor made the final evaluation.



Inclusion and Exclusion Criteria
 
Types of Studies

Randomized controlled clinical trials (RCTs) that combined mirror therapy with another rehabilitation therapy on the upper extremity in patients with stroke were examined.



Types of Participants

The enrolled patients were not restricted by age, gender, or area of limb hemiplegia (Tables 1, 2). Patients were eligible for inclusion if they (i) suffered from stroke in subacute or chronic phases according to diagnostic guidelines updated by the American Heart Association/American Stroke Association (38); (ii) had ≤to 46 points according to the Fugl–Meyer Assessment—upper extremity (FMA-UE) (39, 40); (iii) were able to comprehend and execute the therapeutic schedules; and (iv) were diagnosed with ischemic or hemorrhagic stroke for the first time. They were excluded if they (i) were diagnosed with severe cognitive impairment; (ii) suffered from other severe diseases such as brain tumor or brain trauma; or (iii) were also involved in other trials.


Table 1. Detailed description of 10 studies.

[image: Table 1]


Table 2. Detailed description of 10 studies (continued Table 1).
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Types of Intervention

Combined mirror therapy was compared with single rehabilitation therapy, and all the patients received conventional therapy. There are four combined therapies such as EMGBF + MT, AT + MT, ES + MT, and MG + MT. Since the experimental scheme of each combined method is different, the strategies of classifying it into a class of the same methods are (i) the same principle of experiment; (ii) target group consistency; (iii) using an identical single-blind method; (iv) had initiative in moving their impaired upper extremity or moved assisted by therapist in order to be in line with unaffected extremity.




Outcome Measures

FMA-UE, as a professional assessment, was used to measure the outcome in the upper limb's functional recovery in terms of reflex ability, synergic movement, wrist stability, and hand grip strength.



Search Strategies

All the searches were performed in electronic databases published in English or Chinese, specifically CNKI (publication year: 2013.01.01–2019.08.01; language: Chinese and English; all types of literature), PubMed (publication date: 2013.01.01–2019.08.01; language: English; all types of literature); Wan Fang (date of publication: 2013–2019; article types: paper), Web of Science (time span: 2013–2019), ScienceDirect (years: 2013–2019; all types of articles), SpringerLink (show documents published: between 2013 and 2019), OVID LWW (publication year: 2013.2018), Cochrane library (trials; publication year: between 2013 and 2018). There were three key words used to search the literature, namely (“upper limb” or “upper extremity” or “membrum superius” or “pectoral limb”) AND (“stroke” or “cerebrovascular stroke” or “cerebrovascular accident”) AND (“mirror therapy”).



Data Collection and Exclusion

The results of the literature search were brought into the CNKI E-study, and duplicate records were removed. One author reviewed and assessed the title, abstract, and purpose of the document to remove irrelevant studies. After this preliminary screening, two independent authors filtered the remaining results according to (i) clear outcome; (ii) combined therapy; (iii) completed data; (iv) outcome assessment of FMA-UE; (v) randomized controlled trial; and (vi) single blind or double blind. After discussion and negotiation, 10 studies were included in the quantitative synthesis (meta-analysis).



Data Extraction

Blinded to the journal, we made a detailed form (Tables 1, 2) based on PRISMA that described the enrolled studies' characteristics in terms of publication year, sample size, author, and patient characteristics [i.e., age, paretic side, severity (Brunnstrom stages), time when patient was diagnosed with a stroke, interventions (i.e., intervention types and duration), outcome measures and statistic data (i.e., case group's number (n); case group's mean; case group's standard difference (SD); control group's n; control group's mean; control group's SD)]. When we encounter problems, we contacted the first author by email as much as possible.



Data Analysis

To accurately infer the synergistic effect of combined mirror therapy for functional recovery in a stroke patient's upper limb, raw data from research materials were processed using Review Manager 5.3 and Stata 12.0 to calculate weight mean difference (WMD) with a confidence interval of 95% (95% CI). Given the continuity of the data, the best methods random effects model and the statistical method of inverse variance were, respectively, used to compare combined therapy with single rehabilitation therapy. The weight mean difference (WMD) and 95% confidence intervals (95% CI) were used to assess the mean effect size of therapy. Heterogeneity among studies was assessed using I2 tests (a value of p < 0.1 was considered to indicate the existence of significant heterogeneity) and chi-square (0–40% low; 40–60% moderate; 60–100% high heterogeneity). Subgroup analysis (1) combined therapy subgroup: EMGBF group, ES group, AT group, and MG group, and (2) the subgroup's control method: (i) adding mirror therapy to rehabilitation therapy in the experimental group. (ii) adding rehabilitation therapy to mirror therapy in the experimental group) was performed using Review Manager 5.3. In order to investigate the sources of heterogeneity, we rigorously applied moderator analyses using Stata12.0 (i.e., meta-regression and publication bias) (41). Differences were considered statistically significant when the p < 0.05.




RESULTS

Nine hundred sixty-one records were identified through database searching, and 761 records were retained after removal of duplicates. In the end, 10 studies (10, 21, 31–33, 43–47) were included in the quantitative synthesis (meta-analysis). The detailed process for selecting studies is demonstrated in Figure 1. Studies published between 2013 and 2019 were included in the meta-analysis. A total of 444 patients were studied, with 221 patients in the experimental group and 223 patients in the control group. Tables 1, 2 summarize the 10 studies in detail. The average age of the patients ranged from 47.02 to 63.00 years. The mean time since stroke onset was 15.36 to 6 months except for two studies (10, 47) whose onset time of stroke was more than 6 months. Five studies (21, 32, 44, 46, and 47) precisely described the average Brunnstrom stages, which ranged from 1.15 to 4.25. The duration of interventions was from 450 to 1,920 min. Figure 2 presents the authors' judgments about the risks of bias for the included studies. All studies (10, 21, 31–33, 43–47) described the methods used to generate the allocation sequence in sufficient detail, and all studies had complete data. The risk of selection bias (allocation concealing) was obscure in five studies (21, 31, 32, 43, and 46) because of insufficient information, and the selection bias (allocation concealing) of Xu (44) was considered high due to the allocation sequence being generated by date of admission. Performance bias (blinding of participants and personnel) was low in six studies (10, 21, 33, 44, 46, and 47) because reliable blinding methods were implemented for both participants and study personnel, while these factors were obscure in four studies (31, 32, 43, and 45). Detection biases (detection of outcome assessment) were not able to be estimated for three studies (32, 43, and 45) as no information was given. Table 3 shows the gross score for each study in the internal validity analysis carried out using the PEDro scale: four studies were excellent (>8), five studies were good (≥6, ≤8), and one study was fair (≥4, ≤5).


[image: Figure 1]
FIGURE 1. Literature search and study selection. FMA: Fugl-Meyer Assessment; MT: mirror therapy; CT: combined therapy.



Table 3. Internal validity analysis.
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[image: Figure 2]
FIGURE 2. Authors' judgments about each risk of bias item for included studies.


Figure 3 presents the random effects meta-analysis of mirror therapy (MT) combined with another rehabilitation therapy and applied to functional recovery of a stroke patient's upper limb. Using the standard chi square test, the heterogeneity statistic (χ2 = 20.09, p = 0.02; I2 = 55%) was significant. The value for overall effect is 7.20 (p < 0.00001) in random mode due to the existence of substantial heterogeneity, and the total weight mean difference were 8.07 (95% CI: 8.07, 10.26). Meanwhile, a subgroup analysis (Figure 4) was applied to detect the cause of high heterogeneity, and this revealed that the AT group (I2 = 70%) was the important factors. Figure 4 shows that the EMGBF group (WMD = 8.95, 95% CI: 6.33, 11.58) and ES group (WMD = 10.14 95% CI: 5.67, 15.01) showed moderate improvement in functional recovery on upper extremity in patients with stroke, but no difference was witnessed in the MG group (WMD = 0.53, 95% CI −4.18, 5.25, Z = 0.22, p = 0.82). The difference between the subgroup analysis in Figures 5, 6 is the interventional method adding mirror therapy to rehabilitation therapy in the experimental group (Figure 5) or adding rehabilitation therapy to mirror therapy in the experimental group (Figure 6). No difference in efficacy on upper extremity in patients with stroke was observed between the EMGBF group and ES group in Figure 5. Figure 6 shows that there is a substantial heterogeneity (χ2 = 15.42, I2 = 74%) and a subgroup difference (χ2 = 8.18, I2 = 87.8%) between the AT group and MG group. Meta-analysis regression (Table 4) was used to examine the cause of high heterogeneity, with inconclusive results: the covariate sample size (p > 0.352) and during treatment (p > 0.782) showed significant correlation with high heterogeneity. Finally, an Egger test (coefficient = 0.2267264; 95% CI: −1.687296, 2.140749; p = 0.792) showed no sign of publication bias among the 10 studies (Table 5). The subgroup analysis (Figure 7) was applied to analyze the relationship between the time elapsed since stroke onset and the high heterogeneity. Figure 7 shows that there is a substantial subgroup difference (χ2 = 10.86, I2 = 90.8%) between the chronic group and subacute group.


[image: Figure 3]
FIGURE 3. Forest plot of the random effects meta-analysis of CT and MT on motor function of the upper extremity. SD: standard deviation; 95% CI: 95% confidence interval.



[image: Figure 4]
FIGURE 4. Subgroup analysis for the high heterogeneity. SD: standard deviation; 95% CI: 95% confidence interval. EMGBF: Electromyographic biofeedback; AT: Acupuncture; MG: mesh glove; ES: electrical stimulation.



[image: Figure 5]
FIGURE 5. The subgroup's control method is adding MT to rehabilitation therapy in experimental group. EMGBF group: (E: EMGBF+MT/C: EMGBT); ES group: (E: ES+MT/C: ES) E: experimental group; C: control group.



[image: Figure 6]
FIGURE 6. The subgroup's control method is adding rehabilitation therapy to MT in experimental group. AT group: (E: AT+MT/C: MT); MG group: (E: MG+MT/C: MT); E: experimental group; C: control group.



Table 4. Results of meta-analysis regression.
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Table 5. Results of publication bias.
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[image: Figure 7]
FIGURE 7. Subgroup analysis for discriminating between subacute or chronic stroke.




DISCUSSION

This is the first meta-analysis probing the synergistic effect of combined mirror therapy on the upper extremity in patients with stroke. Some preliminary conclusions can be drawn from this meta-analysis. First and foremost, this meta-analysis of 10 RCTs including 444 patients showed that combined mirror therapy (mirror therapy mixed with other rehabilitation therapies) was superior to single rehabilitation therapy to promote upper limb motor function of stroke patients (WMD 8.07, 95% CI 5.87, 10.26) in terms of muscle reflex ability, coordinated movement, and accurate operation in the Fugl–Meyer Assessment (FMA). However, heterogeneity (χ2 = 20.09, p < 0.00001; I2 = 55%) was high, and one study [Lee (10)] did not draw a precise conclusion about whether combined mirror therapy (mirror therapy with MG therapy) was better than pure mirror therapy in promoting upper limb motor function. The difference between Lee's study and the other studies is that the stimulation intensity—other studies (37) were at the sensory threshold of the non-operatic hand (20 Hz, with pulse rate of 300 μs), but the MG intensity in this study was set at the sensory threshold of the paretic hand (50 Hz, with a pulse rate of 300 μs). Further evidence is needed to determine whether sensory threshold leads to significant differences. From the subgroup analysis (I2: EMGBF group 7%; AT group 70; MG group 0%; ES0%), it is clear that the high heterogeneity came from the AT group as expected. A further subgroup analysis separated interventional methods: adding mirror therapy to rehabilitation therapy in the experimental group (Figure 5) and adding rehabilitation therapy to mirror therapy in the experimental group (Figure 6). Figure 5 showed that the synergistic effect of combining mirror therapy with EMGBF was the same as that of combining mirror therapy with ES. In Figure 6, it is difficult to judge whether AT + MT has an advantage over single treatment due to the high heterogeneity. The time since stroke onset is likely to cause the high heterogeneity because the mean time in the Xie study (40.73 ± 6.75/42.69 ± 7.42 days) was longer than in the Zhang study (19.6 ± 20.3/30.8 ± 28.7 days). It is likely that the more early patients received AT + MT, the upper limb function will be more effectively improved. A large sample size is necessary to verify this hypothesis. Meanwhile, MG + MT, a popular treatment abroad, showed no significant effect in promoting upper limb motor function in stroke patients in this meta-analysis. This finding is inconsistent with those of Peurala et al. (25) and Dimitrijevic, wherein MT combined with MG stimulation provided additional benefits for manual dexterity when compared with MT alone. Because a string of studies had demonstrated that MG could effectively improve upper limb motor function in stroke patients, meta-analysis regression was applied to detect the reason for this discrepancy. However, neither sample size (p > 0.186) nor duration of treatment (p > 0.787) could be regarded as the cause of high heterogeneity. The result was discussed in correspondence with Wen Zeng (15) whose meta-analysis mainly explored mirror therapy on motor function of the upper extremity in patients with stroke. From this discussion, the conclusion that two factors (sample size and duration of treatment) were regarded as the cause of high heterogeneity can be reached. Figure 7 shows the significant effect of sample size and duration of treatment on the subacute group compared with that on the chronic group, and the high heterogeneity found in the subgroup analysis was related to the time elapsed since stroke onset.

There were many factors not detected in the studies included in this meta-analysis, such as paretic side, severity (Brunnstrom stages), age, and sex, resulting in incomplete data in Table 1. For instance, the details of the paretic side were not described in Hangfan Zhou (31). No evidence in recent years has demonstrated a relationship between paretic side and treatment, and this unknown area should be explored by researchers. Table 1 also shows that Wang (43), Xie (45), Zhou (31), Lee (10), and Schick (33) did not describe the details of severity (Brunnstrom stages), which limited the quality of the articles. Safaz (42) and Watanabe (43) had confirmed that BRS (Brunnstrom stages) is a convenient and effective tool for the evaluation of UEs in early stage stroke patients. Besides these factors, there may be unknown elements contributing to the high level of heterogeneity in publication bias. Wang (43) and Xu (44) did not describe the details of allocation group concealing, which can lead to selection bias. In addition, Yao (21), Zhou (31), Wang (43), Xie (45), and Zhang (46) did not describe the details of blinding of participants and personnel, and implementation bias can arise when participants and implementers are aware of the interventions. Further, Zhou (31), Wang (43), Xie (45), Zhang (46), and Lin (47) did not describe the details of blinding of intervention allocation in outcome assessment, which can lead to measurement bias.

There are several limitations of this study that should be taken into account. First, the number of studies included in meta-analysis was limited, reducing the representativeness of the article. This was unavoidable due to the particularity of topic selection, the limitation of resources, and the rigor of the article. Second, the high heterogeneity of the studies partly limits the impact of this paper. The objective of this meta-analysis is to study combined therapy, focusing on mirror therapy mixed with other therapies such as AT, ES, EMBGF, and MG, so the high heterogeneity is unavoidable. Third, studies published in English and Chinese were included in the analysis, but studies in other languages were not included. Fourth, all articles were randomized controlled trials, but there is a belief that non-randomized controlled trials should also be taken into account when RCTs are unfeasible or unethical.

From a patient's perspective, we must take expense and time spent on combined mirror therapy into consideration. If there is a directly proportional relationship between expense and efficacy on recovery, we might as well take combined therapy as first choice for patients after stroke. In summary, combining mirror therapy with another rehabilitation therapy (especially electromyographic biofeedback and EMG-triggered electrical stimulation) is better than single rehabilitation therapy on upper extremity in patients with stroke. In the future, there should be considerable work applied by researchers to more deeply probe the optimal specific combination therapy.
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GLOBAL BURDEN OF DISEASE AND NEURO-DISABILITIES

One of the great challenges the world faces in terms of health care is the increasing number of people living with neuro-disabilities that affect their ability to participate in societal activities. Various neurological conditions such as stroke, multiple sclerosis, or Parkinson's disease, to name just a few, change cognitive, sensory, or motor capacities, alter the emotional well-being of those affected, and lead to disability in their everyday lives.

Over the last few decades, aging populations and reduced mortality in many regions of the world have increased the number of people living with neuro-disabilities considerably, an effect that is still ongoing (1): for 2017, the worldwide prevalence of stroke (thousands) has been estimated to be as high as 104178.7 (95% confidence interval, 95% CI 98454.0–110125.0), and years lived with disabilities (YLD) (counts in thousands) caused by stroke were reported to amount to 18695.4 (95% CI 13,574–23686.9). The stroke-related increase in YLD (percentage change in counts) was 40% (95% CI 38.4–41.4) from 1990 to 2007 and another 43.6% (39.6–47.8) during only 10 years from 2007 to 2017. The numbers are similarly impressive for other neurological disorders (i.e., dementias, Parkinson's disease, epilepsy, multiple sclerosis, motor neuron disease, headache disorders, and others). Taken together, their worldwide prevalence (in thousands) in 2017 was 3121435.3 (95% CI 2951124.5–3316268.0), while YLD (thousands) in 2017 were 3121435.3 (95% CI 2951124.5–3316268.0), with an increase in YLD by 35.1% (95% CI 31.9–38.1) from 1990 to 2007 and by a further 17.8% (95% CI 15.8–20.2) from 2007 to 2017.

These numbers not only demonstrate the huge global burden of disease and prevailing neuro-disabilities, but they indicate a considerable increase in the number of people living with neuro-disabilities with an accelerating dynamic over time (for stroke).



CLINICAL RESEARCH TO INDICATE THE OVERALL BENEFIT OF NEUROREHABILITATION

Neuro-disabilities cannot be avoided, in spite of great advances that have more recently been achieved in acute medical care. The increase in their prevalence is rather a consequence of more effective health care management, reducing mortality (but not necessarily morbidity), and of aging populations around the globe.

Morbidity and disability are, however, not an inevitable union. Even when organic brain damage cannot be prevented or cured altogether, neurorehabilitation as a specialized form of rehabilitation care can effectively (while most frequently not completely) reduce the burden of disability by promoting functional recovery, compensation of body dysfunction, and/or adaptations, e.g., by the provision of adaptive technology.

Neurorehabilitation is mostly structured as a multi-professional physician-led team approach to health care and has been shown to reduce disability effectively (2).

A Cochrane review with a meta-analysis including 21 randomized controlled trials (RCTs) with a total of 39,994 participants showed a reduced rate of death or institutionalized care (odds ratio, OR 0.78, 95% CI 0.68–0.89) and death or dependence (OR 0.79, 95% CI 0.68–0.90) after multi-disciplinary stroke unit care compared to care in general wards post stroke without significantly increasing length of stay, and independent of age, sex, or stroke severity (3). The situation in low and middle countries (LMIC) with a large diversity of stroke rehabilitation structures sadly supports the notion that adequate rehabilitation efforts effectively reduce disability (4): with better structure and processes of care such as the availability of multi-disciplinary stroke care units, patients were more likely to be alive, independent, and living at home 1 year after stroke; absence of rehabilitation, on the other hand, was associated with a higher level of disability.



A COMPLEX PATTERN OF RESEARCH IS REQUIRED TO PROMOTE NEUROREHABILITATION AS A MEDICAL SPECIALTY

Neurorehabilitation is a medical discipline that, for its scientific advancement, necessitates a complex pattern of research. Brain functions and their dysfunctions are complex issues, as are any interventions that intend to promote functional recovery after brain damage and hence to improve brain function. Such interventions target specific brain network activities and functions and can include training procedures (“therapy”), electrical or magnetic stimulation of the brain or body limbs, and medication targeting the brain and its transmitter systems.

“From bench to bedside” involves a multitude of research avenues for neurorehabilitation: basic research, translational research, clinical trials (pilot and confirmatory), collating evidence across clinical trials and providing an evidence synthesis by systematic reviews and meta-analyses, the systematic generation of evidence-based practice guidelines, and finally their regional adaption into clinical pathways (5). All of these research areas need to be addressed for such diverse neurological conditions as stroke, multiple sclerosis, or Parkinson's disease, with their distinct neuropathologies and different patterns of cognitive, sensory, and motor dysfunctions as well as emotional disorders.

In addition, there is a great need to perform research from a global health perspective. Technologies that generate a clinical benefit in neurorehabilitation, e.g., arm rehabilitation robots (6), electromechanical gait training (7), virtual reality applications (8), tele-rehabilitation (9), or non-invasive brain stimulation (10), might be considered candidates for an adaptation for low- and middle-income countries (LMIC); low-cost technologies could be developed for a broader international distribution and clinically evaluated.

Furthermore, priority research is necessary to elaborate rehabilitative needs and therapeutic options when new challenges like the current novel coronavirus (2019-nCoV) pandemic manifest themselves. Most people affected by the Coronavirus Disease 2019 (COVID-19) have mild symptoms and recover, while 6.1% become critically ill (respiratory failure, septic shock, and/or multiple organ dysfunction/failure) (11) and might develop a post-intensive care syndrome, PICS, with motor, cognitive, and emotional disorders necessitating intensive rehabilitation (12, 13). Research has to document the epidemiology and rehabilitation needs of COVID-19 cases and their clinical course. It should further address the effectiveness of neurorehabilitation treatment including the use of new technologies for home care purposes (e.g., use of low-cost technologies such as smartphones or tablets for virtual medical examination, counseling, and tele-rehabilitation), as well as health care system questions (e.g., how rapidly increasing demands for services should be coped with), and guidance (practice recommendations).



THE CONTINUUM OF CARE IN NEUROREHABILITATION AND ITS RESEARCH

Another specific aspect of neurorehabilitation for people with neuro-disabilities is that we do not have a single “phase” of disease and do not need to take care of people affected at a given point in time only when the disease becomes evident. On the contrary, the care of people with neuro-disabilities frequently involves a lifetime perspective.

For example, for people with stroke, it is well-understood that the best outcome is achieved with a multi-stage rehabilitation pathway (14–16). Such a dedicated pathway starts with acute rehabilitation and post-acute rehabilitation (usually inpatient services), and continues with out-patient rehabilitation, home-based rehabilitation, community-based rehabilitation, and long-term and sustained rehabilitation.

Accordingly, research and knowledge management in neurorehabilitation need to take the continuum of care for people with neuro-disabilities into consideration.



THE NEED FOR EDUCATION AND KNOWLEDGE DISSEMINATION

Neurorehabilitation teams frequently include physicians, physiotherapists, occupational therapists, speech and language therapists, psychologists, nurses, and social workers trained in neurorehabilitation as a “core set” of involved disciplines. The reason is two-fold. For one, all of their specialized professional knowledge and therapeutic skills are essential to treat people with neuro-disabilities. Secondly, it is the team approach itself that contributes essentially to the overall clinical benefit and not just the availability of diverse professions, each working on its own (2, 3).

These affordances can, however, not be met in many regions of the world, especially in many low- and middle-income countries (LMIC). There is a substantial lack in the number of health care professionals for rehabilitation in LMICs, and, frequently, the types of health care professionals needed for rehabilitation teams are not at all available. A few examples (17): high-income countries have, on average, more than 900 physiotherapists per million inhabitants; the corresponding number is <10 physiotherapists in many countries in Sub-Saharan Africa and the South-East Asia Region. Further, high-income countries have more than 300 speech and language therapists per 1 million inhabitants, while some low-income countries in the African region have no speech and language therapists for the entire population.

There is thus a huge demand for education in neurorehabilitation. The need includes (a) the establishment of qualifying program for various disciplines in many countries, (b) specialized training in neurorehabilitation for health care professionals holding their basic professional qualification (physicians and allied health professionals), (c) continued medical education for those who have received specialized training, and (d) fast knowledge distribution in new challenging situations or “game-changing” opportunities for clinical practice.

Initiatives to address these needs are far from being sufficient. An example for (b) is the core curriculum for neurorehabilitation developed by the European Federation for Neurorehabilitation (18), and an example for (c) are the summer schools on neurorehabilitation organized by the Word Federation for NeuroRehabilitation (19). For the transnational harmonization of education initiatives, it could be useful to start in countries with similar health care systems (e.g., in Europe) while being accessible for international attendees.



KNOWLEDGE MANAGEMENT PLATFORMS AS KEY STRUCTURES

With all the complexity of neurorehabilitation in terms of the diversity of health conditions leading to neuro-disabilities, the research avenues involved, the multitude of healthcare professions and settings from inpatient to community rehabilitation (compare Figure 1), and the lack of human resources and knowledge hubs in many regions of the world, there is a great need for knowledge management platforms that host high-quality up-to-date research across this wide spectrum and make that knowledge publically available, not only to those who can afford to pay for it but especially to those who are put at a disadvantage both by their limited regional professional resources and by any financially restricted access to high-quality professional knowledge sources.


[image: Figure 1]
FIGURE 1. Neurorehabilitation research perspectives. The figure shows the complexity of the background to research in neurorehabilitation. The complexity is caused by the multitude of health conditions, alterations of functioning and disabilities, and of respective interventions as provided by different health care professions along a continuum of health care from acute rehabilitation to community-based rehabilitation. The diversity of research focuses is further enlarged by a necessity to engage in both basic and translational research, clinical trials, and synthesis of the evidence in systematic reviews with meta-analyses and by a methodologically sound link from evidence to the clinical decision via evidence-based practice recommendations.


Such platforms provide an opportunity to advance the science in the field by providing a possibility to collate and synthesize research knowledge across the boundaries of individual research cluster and professions (20, 21) as well as for various health care situations, be it in high- or low- and middle-income countries.



CONCLUSIONS

Frontiers in Neurology is a leading journal in its field, publishing rigorously peer-reviewed articles across a wide spectrum of basic, translational, and clinical research that help improve patient care. Its Neurorehabilitation section provides an interdisciplinary platform for new developments in this highly complex field that demands the involvement of a broad range of professionals and to create a forum for the exchange of knowledge among these different specialists.

The Neurorehabilitation section focuses primarily on clinical studies, though it also attracts papers dealing with basic and translational research relevant to clarifying mechanisms or scientifically addressing new therapeutic concepts for neurorehabilitation. Systematic reviews that synthesize evidence from clinical practice and provide more precise estimates for the evaluation of benefit-risk ratios and the acceptability of interventions together with subgroup information are highly welcome, as are reviews that systematically link evidence syntheses to evidence-based practice recommendations. In addition, the section wants to promote scientific exchange for the adaptation of therapeutic concepts and technology to the diverse health care backgrounds that exist at an international level.

The section equally wants to promote health care in neurorehabilitation by serving as a platform for Research Topics with the collation of research papers on topics of great interest to the scientific and/or clinical community.

Taken together, the Neurorehabilitation section, which is driven by academic standards and makes its publications freely available for a worldwide readership, makes a significant contribution to quality in neurorehabilitation research and healthcare with a global perspective for the ultimate sake of those affected by neuro-disabilities and in need of the best possible professional help.
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Introduction: Outcome measures are key to tailor rehabilitation goals to the stroke patient's individual needs and to monitor poststroke recovery. The large number of available outcome measures leads to high variability in clinical use. Currently, an internationally agreed core set of motor outcome measures for clinical application is lacking. Therefore, the goal was to develop such a set to serve as a quality standard in clinical motor rehabilitation poststroke.

Methods: Outcome measures for the upper and lower extremities, and activities of daily living (ADL)/stroke-specific outcomes were identified and presented to stroke rehabilitation experts in an electronic Delphi study. In round 1, clinical feasibility and relevance of the outcome measures were rated on a 7-point Likert scale. In round 2, those rated at least as “relevant” and “feasible” were ranked within the body functions, activities, and participation domains of the International Classification of Functioning, Disability, and Health (ICF). Furthermore, measurement time points poststroke were indicated. In round 3, answers were reviewed in reference to overall results to reach final consensus.

Results: In total, 119 outcome measures were presented to 33 experts from 18 countries. The recommended core set includes the Fugl–Meyer Motor Assessment and Action Research Arm Test for the upper extremity section; the Fugl–Meyer Motor Assessment, 10-m Walk Test, Timed-Up-and-Go, and Berg Balance Scale for the lower extremity section; and the National Institutes of Health Stroke Scale, and Barthel Index or Functional Independence Measure for the ADL/stroke-specific section. The Stroke Impact Scale was recommended spanning all ICF domains. Recommended measurement time points are days 2 ± 1 and 7; weeks 2, 4, and 12; 6 months poststroke and every following 6th month.

Discussion and Conclusion: Agreement was found upon a set of nine outcome measures for application in clinical motor rehabilitation poststroke, with seven measurement time points following the stages of poststroke recovery. This core set was specifically developed for clinical practice and distinguishes itself from initiatives for stroke rehabilitation research. The next challenge is to implement this clinical core set across the full stroke care continuum with the aim to improve the transparency, comparability, and quality of stroke rehabilitation at a regional, national, and international level.

Keywords: stroke, motor rehabilitation, clinical, outcome measures, Delphi study


INTRODUCTION

Despite the advances of primary and secondary prevention and the availability of acute medical interventions, stroke remains the second most common cause of disability worldwide (1). Because of an aging population and increasing rates of stroke in younger adults, the number of stroke cases is most likely to increase to 1.5 million cases by the year 2025 (2). In respect to resulting challenges to national health systems and social economy, a European Stroke Action Plan was formulated and includes the domains primary prevention, organization of stroke services, management of acute stroke, secondary prevention, rehabilitation, evaluation of stroke outcome/quality assessment, and life after stroke (3). As motor deficits due to stroke lead to limitations in the performance of activities of daily living (ADL), reduced societal participation, and a lower quality of life (4), outcome measures (OMs) in the motor domain comprise a key role in optimizing and monitoring attainable treatment goals and providing transparency regarding the quality along the stroke care continuum (5). An early and systematic administration of OMs could have multiple benefits for clinicians and patients, such as objective monitoring of the recovery process and the facilitation of goal-oriented interprofessional collaboration, and to support the stroke survivor's education. Currently, a significant number of OMs are available for different clinical settings and stages poststroke (6). Consequently, there is a large variability in clinical use, which hampers transparency and the comparability of motor rehabilitation within and across countries.

Clinical guidelines for evidence-based practice regarding stroke operate on a national level and lack international consensus regarding the use of OMs and, more importantly, the timing of measurements. Despite attempts of implementing the evidence resulting from stroke rehabilitation research into clinical stroke rehabilitation by specific clinical guidelines, the adherence across Europe is often insufficient (7). Standards for OMs to use are not commonly practiced, and the administration of OMs in the field of stroke rehabilitation and other areas is surprisingly low (8). Recently, an international group of researchers systematically reviewed existing clinical guidelines on recommendations for upper extremity assessments and concluded that there is a lack of explicit recommendations on OMs in most of the guidelines (9).

Specifically for research purposes, consensus-based recommendations for sensorimotor measurements in stroke rehabilitation trials were developed by the international Stroke Recovery and Rehabilitation Roundtable (SRRR) to set standards for methodological quality for clinical trials on the body functions and activities domains of the International Classification of Functioning, Disability, and Health (ICF) (10). Also, local and national research groups recommended OMs for stroke research (11–13), including specific interventions such as robotics (14), a single poststroke recovery stage (15), and patient-reported outcomes only (16, 17). Although these efforts are very valuable for stroke rehabilitation research, the recommendations cannot be translated one to one into clinical practice, as the requirements on OMs for clinical use might differ by aspects of the administration time, the number of measurement time points, and the length of follow-up. It is also likely that, for clinical practice, a broader spectrum in terms of impairment and disability levels as well as body sections is relevant, when compared to those covered by various research initiatives. Furthermore, the clinical core set should incorporate the patient's multidomain perspective (18) that was not covered by the SRRR research recommendations, and an international group of clinical stakeholders should be involved.

Therefore, the aim of the present study was to develop an international consensus-based core set of OMs with fixed measurement time points for clinical use in motor rehabilitation after stroke, which is relevant for the full stroke rehabilitation pathway. This set is a key ingredient for transparent stroke rehabilitation and allows alignment between regions and countries with the ultimate goal to improve stroke patients' motor outcomes.



MATERIALS AND METHODS


Identification of Outcome Measures

An initial collection of sensorimotor OMs was compiled based on an extensive search in relevant systematic reviews (6, 10–27), clinical guidelines (28, 29), and electronic rehabilitation measurement databases [e.g., StrokEngine (30) and Shirley Ryan Ability Lab (31)] by two researchers (JP, JV). The OMs had to meet the following inclusion criteria: (1) assess the motor domain, (2) validated for use in stroke patients, and (3) have a good reliability for the stroke population (intraclass correlation coefficient > 0.7). Eligible OMs were allocated to one of the following three sections: the upper extremity, lower extremity, or ADL/stroke-specific section. The constructs of trunk control, balance, and mobility were assigned to the lower extremity section. The ADL/stroke-specific section included a broader variety of constructs, assessing stroke-specific motor-related functions, activities, and participation. Within each section, OMs were classified according to the ICF domains body structure and function, activities, and participation (18).



Delphi Study Design

A Delphi study design was used to develop the consensus-based core set. The three-round Delphi study was conducted from November 2018 until April 2019. Per section, we aimed to have one OM in each ICF domain that could be applied, regardless of stroke severity. In the lower extremity section, one OM per ICF domain had to be applicable for both patients with and without walking ability.

After each round, each expert received an individualized feedback report with details of the previous round's results in reference to their personal rating. In round 1, each OM was presented with details of the measure's construct, costs, time to administer, and clinimetric properties [validity, reliability, and minimal clinically important difference (MCID)] in line with COSMIN recommendations (Figure 1) (32). For each OM, experts had to rate on a 7-point Likert scale: (1) how familiar they were with that measure, (2) its relevance for clinical practice, and (3) its clinical feasibility. The initial set of OMs was then reduced to those, rated with scores of at least five of seven points for both clinical relevance and clinical feasibility. In round 2, the reduced set of OMs had to be prioritized for each section and ICF domain by assigning ranks in ascending order. As for some lower extremity OMs, patients need to be able to walk; a second measure was allowed if the OM ranked first requires walking ability. For each section, the highest-ranked OM within each ICF domain was included in a preliminary core set for the third round. Additionally, the experts designed a specific measurement scheme, indicating their preferred measurement time points poststroke: Within the acute phase (days 1, 3, and 7), early subacute phase (weeks 2, 4, 6, and 10), the late subacute phase (weeks 12, 16, and 20 and month 6) and for the chronic phase (every 3rd and 6th month following). The minimal agreement rate on measurement timing in round 2 was set to at least 50% ± 2%. In round 3, the experts reviewed the aggregated results presented next to their individual rankings and suggested time points and confirmed their agreement. The cutoff rate for minimal agreement on measurement time points in round 3 was 70 ± 5%.


[image: Figure 1]
FIGURE 1. Overview of the Delphi process. ICF, International Classification of Functioning, Disability, and Health; OMs, outcome measures.


A clearance certificate for this study was provided by the cantonal ethics committee Zurich (BASEC Nr. Req-2018-00601). Informed consent of the participating experts was not needed.



Rehabilitation Experts

From September to October 2018, personal enquiries were sent to renowned experts of stroke rehabilitation research and with a networking approach via the following organizations: European Stroke Organization, Council of Occupational Therapists in European Countries, Research in Occupational Therapy and Occupational Science, European Network Occupational Therapy, and the European Network of Physiotherapy in Higher Education. It was our goal to recruit a balanced group of international experts with different clinical backgrounds, including medical doctors, physical therapists, occupational therapists, and rehabilitation engineers. Persons were considered eligible if they had expertise in clinical stroke rehabilitation and clinical research or rehabilitation engineering research and hold at least a master of science degree. The experts were kept ignorant about the other participating experts and received no compensation.



Data Collection and Analysis

The participants received detailed information and instructions on a website with access to the first round's electronic survey created with Research Electronic Data Capture (REDCap, Vanderbilt University Medical Center, USA). Rounds 2 and 3 were carried out via personalized electronic forms, sent and responded via email. Responses were filed by hand (JP) and cross-checked for insertion errors (JH, JV). Feedback of results was given after each round, and equivocal responses were followed up by inquiries via email. Rankings and ratings were analyzed as medians and interquartile ranges. The data were analyzed after each round and presented for the next round. Data analysis and visualization were conducted with Microsoft Office Professional Plus 2016 (Microsoft Cooperation, Redmond, WA, USA).




RESULTS


Participants

Written inquiries yielded 46 eligible experts of whom 33 experts from 18 countries participated and completed the first round of the Delphi study with a response rate of 72% (Table 1). Final agreement was given by 27 experts with three participants lost after the first round and three after the second round.


Table 1. Participant characteristics.
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Development of the Core Set for Clinical Motor Rehabilitation After Stroke

In total, 177 OMs were identified, of which 119 met the inclusion criteria and were presented to the experts. Fifty-nine OMs were rated as being relevant and feasible and were consecutively ranked in round 2. In round 3, final agreement for a core set of nine OMs was given (Figure 2, Table 2).


[image: Figure 2]
FIGURE 2. Flowchart of outcome measures per Delphi round, section, and ICF domain. ADL, activities of daily living; ICF, International Classification of Functioning, Disability, and Health; OMs, outcome measures.



Table 2. Core set of outcome measures for clinical motor rehabilitation after stroke.
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The highest ranking in the upper extremity section was given to the Upper Extremity Subscale of the Fugl–Meyer Motor Assessment (FMA-UE) in the body functions domain and the Action Research Arm Test (ARAT) for the activities domain. In the lower extremity section, the two OMs with the highest rankings in the body functions domain were the Fugl–Meyer Motor Assessment Lower Extremity Subscale (FMA-LE) and the 10-m Walk Test (10 MWT); for the activities domain, the Timed-Up-and-Go (TUG) and the Berg Balance Scale (BBS) were indicated. Regarding the ADL/stroke-specific section, the highest ranks were given to the National Institutes of Health Stroke Scale for the body functions domain, and the Barthel Index (BI) or Functional Independent Measure (FIM) for the activities domain. Within all sections, the Stroke Impact Scale (SIS) was prioritized first for the participation domain. However, it should be noted that the SIS also provides the patient's perspective on the body functions and activities domains of the ICF. Subsections of the SIS (hand function, mobility, strength) were presented separately for the upper extremity and lower extremity sections and the whole SIS for the ADL/stroke-specific section. Detailed rankings of the OMs per section and ICF domain and details of the OMs, such as clinimetric properties with references and measurement protocols, can be found in the online supplement (Tables S1–S3, S6–S8, respectively).



Measurement Time Points

In round 2, between three and eight measurement time points per OM within ICF domains were proposed by the experts showing consistent agreement in a range from 48 to 90%. Agreement rates for measurements at 6, 10, 12, and 20 weeks were below 50 ± 2% and were not presented in the last round. Because of expert comments, the first two time points were combined and presented in the final round as one measurement to be administered within the first 3 days. Final agreement was given, with agreement rates ranging from 65.2 to 91.3% for a maximum of seven measurement time points for the upper and lower extremity body functions domain to be taken between days 1 and 3; at day 7; at weeks 2, 4, and 12; at 6 months; and every following 6th month. In the activities domain of the upper and lower extremity sections, agreement of measurement time points followed the same scheme but starting at day 7. A deviating scheme was compiled for the ADL/stroke-specific OMs (Table 3). Final agreement rates can be found in the online supplement (Tables S4, S5).


Table 3. Measurement time points of the core set for clinical motor rehabilitation after stroke.
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DISCUSSION

The goal of this Delphi study was to develop a core set of OMs for clinical motor rehabilitation after stroke as a tool to evaluate the quality of stroke rehabilitation at a local, national, and international level. The consensus-based core set contains nine OMs that cover a wide range of measurement constructs within all ICF domains that are applicable to patients with different stroke severity levels. In addition, a framework with fixed measurement time points was established, following a non-linear pattern (33), with more frequent measurements within the first 3 months after stroke and larger measurement intervals in the chronic phase. The core set was developed on the basis of independent opinions of international experts of different health care professions. All experts have comprehensive experience in clinical stroke rehabilitation. This active involvement of clinical stakeholders ensures the set's clinical relevance, feasibility, and applicability.


Core Set for Clinical Motor Rehabilitation After Stroke

The FMA-UE and ARAT are the selected OMs for the upper extremity section and are in line with the minimal set developed for stroke rehabilitation trials (10). Both instruments have excellent clinimetric properties and therefore demonstrate a high measurement quality for clinical stroke rehabilitation (6, 11). In order to guarantee consistent measurements that allow comparing clinical and research findings, standardized measurement procedures should be followed.

The lower extremity section of the core set covers a large variety of constructs within the spectrum of body functions and activities: motor function, gait speed, functional mobility, and balance in sitting and standing. The OMs are feasible and relevant for stroke patients with and without walking ability. Outcome measures on the activities domain are discriminated by the Functional Ambulation Categories (FAC). Hence, the FAC is not per se included as one of the core set's OMs, but it is a screening tool to determine which OMs should at least be applied. The constructs of motor function (FMA-LE) and balance (BBS) should be evaluated in all patients, whereas walking speed (10 MWT) and functional mobility (TUG) should only be assessed in patients with an FAC score of at least three out of five. Comparing these OMs for the lower extremity with those recommended for stroke rehabilitation research (10) clearly shows that although the constructs of functional balance and mobility were not recommended for research, they are found to be relevant for the clinical setting.

The ADLs/stroke-specific OMs section covers the constructs stroke severity (body functions domain) and basic ADLs (activities domain). Within the activities domain, the highest rank is shared by the BI and FIM, which are highly correlated (r = 0.92–0.99) (34). These OMs can be chosen upon individual considerations within stroke services. The FIM requires annual license fees and provides chargeable access to training materials, offers data services, and contains additional socio-cognitive items. The BI might be favorable regarding time and financial resources (online supplement, Table S8).

The majority of the recommended OMs are designed to objectify the patient's observed functional impairment or to evaluate motor capacity in a standardized test environment, which is defined as the “maximum potential of an individual to succeed in the performance of a motor skill” (35). The included capacity measures are complemented by the patient-reported SIS, which is sensitive to change (36). The SIS not only covers the participation domain of the ICF, but also provides the patient's perspective on the body functions and activities domain. With that, it adds an important multidomain perspective to this clinical core set, a perspective on which no consensus was found for stroke rehabilitation research (10).

The core set's OMs are part of the few clinical guidelines that gave specific recommendations on OMs (9), which potentially facilitates implementation at a national level. The responsibility of clinical assessments should be shared by the involved health care professions according to their specialization. The total time to complete the core set lies between 60 and 75 min, depending on the patient's ability to understand and answer questions or to perform the required tasks of the BI or FIM.



Measurement Time Points

The core set provides a refined framework of fixed measurement time points poststroke, with more frequent measurements early after symptom onset and a low frequent monitoring pattern in the chronic phase. This is in accordance with the logarithmic pattern of sensorimotor recovery after stroke, in which the greatest changes on the body functions and activities domains occur within the first 12 weeks after symptom onset (37, 38). In this period, behavioral restitution takes place, and thereafter, changes occur predominantly due to compensational mechanisms, reaching a plateau between ~3 and 6 months poststroke (33). Low-frequent assessment in the chronic phase allows for monitoring the patient's impairments and disabilities. In case of presence or lack of clinically relevant changes, rehabilitation can be restarted, continued, adapted, or completed (29).

The core set's seven consensus-based measurement time points are in line with existing recommendations in national clinical guidelines (29, 39) and stroke rehabilitation research guidelines (10) to assess in all four recovery phases poststroke (40). However, the experts recommended more measurement time points in the subacute phase, when compared to research recommendations. This will provide more detail about the individual motor recovery pattern across different ICF domains and therefore promote personalized rehabilitation and support appropriate discharge and adaptive planning regarding the home environment. The experts did not select admission and discharge as recommended measurement time points. Although we did not investigate the reason for not selecting specific time points by the experts, we hypothesize that this could be explained by the large international variability in both the length of stay and the accessibility to acute clinics and rehabilitation facilities (41). These arbitrary time points impede the comparability on a regional, national, and international level. As the consensus-based time points are a minimum number of required measurement time points, measurements at admission and discharge could be optionally implemented in the local framework to facilitate rehabilitation goal setting and evaluation.

For clinical practice, an important clinimetric requirement of OMs is their responsiveness to clinically meaningful differences. As it is known that these differences depend on the recovery phase poststroke (42), changes between measurements should be related to the poststroke phase-specific MCID. Although results of anchor-based MCIDs were no inclusion criterion for the preselection of OMs in the Delphi study, MCIDs are available from the acute to the chronic stage for most OMs (online supplement Tables S6–S8).

The experts' consensus resulted in a clear measurement pattern for upper and lower extremity body functions and activities. They proposed a scheme with less measurement time points for the ADL/stroke specific section, possibly because these OMs are not valid and responsive at all time points.



Limitations

There are considerations to be made regarding the developed core set for clinical motor rehabilitation after stroke. First, the availability of validated translations and transcultural validations was no inclusion criterion for OMs. However, with the call for international quality standards in stroke care (3), it should be the interest of stroke services on a regional and national level, to allow for translated and validated versions of the core set's OMs. Second, although we aimed for a well-balanced group of experts in terms of clinical background, occupational therapists were underrepresented. It is unlikely that this influenced the final core set, as there were only marginal variations in the rankings between professions. Regarding the balance by regions of practice, Eastern European countries were underrepresented. Third, there is variability in agreement rates of measurement time points after rounds 2 and 3. However, there was a clear difference in agreement rates between the excluded and final recommended measurement time points. Finally, although most of the experts are still clinically active in stroke rehabilitation, many of them are also involved in research, and they may have ranked OMs using both their clinical and research experiences.



Future Directions

In a next step, the core set for clinical motor rehabilitation after stroke should be implemented across the whole stroke care pathway, including stroke units and acute hospitals, rehabilitation facilities, and outpatient centers or private practices. It should be acknowledged that the implementation of standardized tests in the clinic is challenging. Bland and colleagues (43) demonstrated differences in adherence between settings and professions. Especially in the outpatient facilities, standardized assessments were less frequently applied. However, implementation projects have demonstrated that educational programs and assessment training leads to a successful implementation of stroke OMs in clinical practice (44), and these should be taken as a good example. Routinely scheduled time slots for fixed measurement time points could support time and resource efficiency. A reevaluation of the core set's OMs and the adherence of health care professionals to apply this set should be initiated in 5 years. The measurements' results should be fed to national registries to gain insight into the quality of clinical motor rehabilitation in the acute, subacute, and chronic phase poststroke and provide input for actions for improvement. Last but not least, a collaboration of clinicians and researchers should aim for the development of a minimal set of OMs for other important domains in clinical stroke rehabilitation, such as cognition and speech.




CONCLUSION

The consensus-based core set of OMs for clinical motor rehabilitation after stroke contains nine OMs that cover the main impairments in body functions, activities, and participation on the motor domain and is complementary to recommendations for stroke rehabilitation research. Measurements should be performed at six time points within the first 6 months poststroke, and consecutive monitoring should take place every 6th month in the chronic stage. The core set and its measurement framework should be implemented throughout the whole stroke care continuum and allows benchmarking, with the long-term goal to optimize the quality of poststroke rehabilitation.
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Background: Myalgic encephalomyelitis/chronic fatigue syndrome is characterized by persistent and disabling fatigue, exercise intolerance, cognitive difficulty, and musculoskeletal/joint pain. Post–exertional malaise is a worsening of these symptoms after a physical or mental exertion and is considered a central feature of the illness. Scant observations in the available literature provide qualitative assessments of post–exertional malaise in patients with myalgic encephalomyelitis/chronic fatigue syndrome. To enhance our understanding, a series of outpatient focus groups were convened.

Methods: Nine focus groups totaling 43 patients who reported being diagnosed with myalgic encephalomyelitis/chronic fatigue syndrome were held between November 2016 and August 2019. Focus groups queried post–exertional malaise in daily life and participants' retrospective memory of post–exertional malaise that followed an exercise provocation with a cardiopulmonary exercise test. Data analysis followed the grounded theory method to systematically code and categorize the data to find meaningful patterns. A qualitative software package was used to move text into categories during data coding.

Results: A wide range of symptoms were attributed to exertion both in daily lives and following cardiopulmonary exercise testing. While three core symptoms emerged (exhaustion, cognitive difficulties, and neuromuscular complaints), participants' descriptions were notable for their unique individual variations. Of 18 participants who responded to questions centered around symptoms following a cardiopulmonary exercise test, 17 reported that symptoms started within 24 h and peaked in severity within 72 h following the cardiopulmonary exercise test. Patients described post–exertional malaise as interfering with their ability to lead a “normal” life.

Conclusion: The experience of post–exertional malaise in myalgic encephalomyelitis/chronic fatigue syndrome varies greatly between individuals and leads to a diminished quality of life. myalgic encephalomyelitis/chronic fatigue syndrome patients describe post–exertional malaise as all-encompassing with symptoms affecting every part of the body, difficult to predict or manage, and requiring complete bedrest to fully or partially recover. Given the extensive variability in patients, further research identifying subtypes of post–exertional malaise could lead to better targeted therapeutic options.

Keywords: myalgic encephalitis, chronic fatgue syndrome, post-exertional malaise, exhaustion, cardiopulmonary exercise testing, exercise intolerance


INTRODUCTION

Persistent and disabling fatigue, exercise intolerance, cognitive difficulties, and musculoskeletal/joint pain are characteristic of a disorder that has been referred to as the Royal Free Disease, benign myalgic encephalomyelitis, chronic fatigue syndrome (CFS), myalgic encephalomyelitis (ME), and systemic exertion intolerance disease at various times in history (1). The term myalgic encephalomyelitis/chronic fatigue syndrome is currently the most common term used in diagnostic criteria, by advocates, and by the US Federal Government to refer to the illness (2). Post–exertional malaise (PEM) is a worsening of these symptoms after minimal physical or mental exertion (3). PEM is considered a central feature of ME/CFS (4). The cause of ME/CFS remains unknown, and there are no approved diagnostic tests or treatments (5). Historically, measurement of PEM has had considerable controversy, and patient groups have felt left out of the process by which policy makers develop definitions of ME/CFS (6, 7). Qualitative research affords patients an opportunity to discuss their experiences with researchers at length and inform patient-focused clinical decision making (8).

Previous qualitative assessments of ME/CFS have shown a significant and debilitating effect on the lives of patients. ME/CFS patients have described the fatigue experience as all-encompassing and debilitating, fluctuating, unpredictable, often triggered by minor activities, and causing a significant impediment to daily functioning (7). A previous study using qualitative telephone interviews found the lessening ability to independently perform daily tasks had a significant impact on psychological well-being of ME/CFS patients (9). The one study of which we are aware that employed focus groups to explore PEM in individuals with ME/CFS (10) queried patients about different dimensions of fatigue and found distinct physical and cognitive dimensions, including five key themes: exhausted, drained of energy, heavy feeling, cognitive fog, and muscle weakness.

Previous quantitative studies looking at PEM in ME/CFS patients have shown a wide range of physical and cognitive symptoms affecting every part of the body (6, 11–13). These studies have detailed common PEM symptoms (e.g., physical fatigue, cognitive exhaustion, muscle pain, unrefreshed sleep, and headaches) and timeframes for symptom onset and duration. A recent study (11) used survey data to summarize symptoms, triggers, and time patterns for onset and duration of PEM and found most patients experienced several cognitive and physical symptoms and that triggers of PEM can be physical, cognitive, and emotional. That study also found that onset relative to exertion ranged from immediate to more than 24 h, and duration ranged from <1 h to years.

Although the scientific literature provides few qualitative assessments of PEM in ME/CFS patients, qualitative descriptions of chronic fatigue have been made in other health disorders. A metasynthesis of fatigue across several long-term conditions such as cancer and stroke, not including ME/CFS, produced some commonalities in the fatigue experience (14). For instance, participants described fatigue as unpredictable in occurrence, intensity, and duration and feeling a loss of control of the body. Patients with whiplash-associated disorders suffer from fatigue, sleep disturbance, and cognitive deficits similar to ME/CFS patients (15). Chronic fatigue can be unpredictable and triggered by anxiety and emotional trauma (16). Using the DePaul PEM Questionnaire, one study found the fatigue experience in a subset of cancer patients was similar to PEM in ME/CFS patients (17). However, unlike ME/CFS patients, many patients with fatiguing conditions such as multiple sclerosis and post-polio syndrome are able to exercise without experiencing PEM (13).

Because PEM in ME/CFS patients is still underexplored, especially through purely qualitative methods, the aim of the current study was to expand the knowledge base on the symptoms; manner of onset; timeframes for onset, peak, and duration of PEM; and impact on day-to-day lives of patients. We aimed to understand how ME/CFS is impacted by exertion in day-to-day life and how this compares to the impact after cardiopulmonary exercise testing (CPET). Additionally, we wanted to delve deeper into the experience of PEM following CPET, a gap in the current research. Based on the literature we expected to find a feeling of loss of control and unpredictability to PEM. We also expected to find physical, cognitive, and emotional aspects.

We present results from nine focus groups conducted to better understand PEM experiences from the perspective of ME/CFS patients. Focus groups were centered on ME/CFS patients' usual daily symptoms and how these changed or worsened following exertion. Additionally, for five of the nine focus groups, we recruited ME/CFS patients who had undergone a CPET evaluation and prompted them to report their memory of the symptoms following the CPET evaluation. The primary purpose of the focus groups was to provide a richer and more nuanced understanding of how ME/CFS patients experience their illness. Secondarily, results from the current study were used to inform the design of an exploratory ME/CFS study at the National Institutes of Health (18). We present these findings to aid physicians who provide care to these patients and other investigators interested in designing mechanistic studies of PEM.



MATERIALS AND METHODS

We chose to conduct a qualitative assessment through the collection and analyses of rich textual data enabling depth and nuance of discovery not possible via purely quantitative methods. For example, while surveys may produce a comprehensive list of symptoms, focus groups can capture the personal experiences and importance of specific symptoms from the perspective of individual ME/CFS patients. A qualitative exploratory focus group approach was chosen because of its known benefit for underexplored topic areas and disabled populations (19, 20, 23). Focus groups offers the ability to understand the unique experiences of patients and provide a deep, more nuanced understanding of the PEM experience within their social worlds. Focus groups have the further benefit of allowing participants to compare and contrast their experiences, which is particularly helpful when exploring a relatively unknown area. Focus group participants were queried about PEM in their daily lives and in relation to previous CPET tests in which they had participated. Nine focus groups were conducted between November 2016 and August 2019. They ranged from 4 to 7 participants per group for a total of 43 participants and ranged in length from 103 to 120 min. All focus groups were conducted over the telephone to enable geographic diversity without travel burden for the ME/CFS participants.

Data analysis followed the grounded theory method first developed by Glaser and Strauss (21). This approach was chosen to generate a theoretical understanding of the experience of PEM within the social context of persons with ME/CFS. Grounded theory is an inductive, iterative method of conducting qualitative research in which theory is built from the data. Focus group scripts were iteratively modified to further explore emergent categories identified during data analysis. Consistent with the grounded theory approach, data were analyzed using the constant comparative method (22). The constant comparative method is the process of generating conceptual categories from uncategorized data. This involves comparing each piece of data so that similar pieces of data are labeled and grouped to form categories. Every new piece of data is then compared to this categorical structure, and the structure is reconstructed in an iterative manner until no new piece of data challenges the structure's ability to account for all pieces of data (22).


Participants

Participants were recruited using purposeful sampling, a qualitative sampling procedure in which investigators intentionally recruit participants who have experienced the phenomenon being explored (23). Specifically, 257 potential participants were interviewed by members of the study team. Recruitment solicitations were posted on ME/CFS advocacy websites and were emailed to persons willing to be contacted for research from the practices of health professionals specializing in the evaluation of ME/CFS patients. The majority of these participants were ME/CFS patients in the community and referred by physicians to exercise physiologists for clinical CPET evaluations. All focus group participants reported having received an ME/CFS diagnosis by a health care provider; an independent verification of medical records was not performed.

Within the pool of individuals who expressed interest in participating, we sought to maximize variability with respect to age, gender, race, ethnicity, marital status, education, employment status, severity of impairment (in bed most of the time or not), years since symptoms onset, and geographic location to gain a wide representation. The study was approved by the Combined NeuroScience Institutional Review Board. Informed consent was obtained from all participants using a witnessed telephone consenting process.



Cardiopulmonary Exercise Testing

CPET is an exercise physiology protocol that is typically used to measure exercise performance and tolerance. It typically involves performing exercise on a cycle ergometer that starts off being easy and steadily becomes harder over time. Participants are instructed to exercise until they reach subjective exhaustion and cannot continue to exercise further (24). Small studies report that a single CPET session (1-day CPET) is a reliable way to induce PEM in ME/CFS patients (25). Single-session CPET is being used as a method to induce PEM for scientific inquiry (26). Some ME/CFS patients undergo an exercise protocol that has them perform two CPET evaluations on sequential days (2-days CPET) as an evaluation of ME/CFS status (27).

As we were interested in learning more about PEM following CPET, five of the nine focus groups were restricted to ME/CFS patients who had undergone CPET to probe them about their experiences with PEM following the test. Of the 18 participants who reported on the timeframe for PEM following CPET, half underwent the 2-days CPET, and half underwent the 1-day CPET. Participants who underwent 2-days CPETs were asked to describe symptoms following Day 1, while also explaining any compounding effects from Day 2.



Data Collection

All focus groups were conducted by an experienced focus group moderator who had no prior experience with the study population or ME/CFS to ensure impartiality. The semistructured focus group script included broad questions aimed to explore patients' experiences of having PEM, both in their daily lives and in response to the CPET test. Discussion questions centered around activities that can trigger PEM, specific symptoms of PEM, how long after exertion symptoms began, how long the symptoms lasted, and at what point the symptoms were at their worst. Participants were also asked about strategies they employed to try to alleviate symptoms of PEM. With respect to the discussion questions related to the CPET test, we sought to gain a complete picture of how patients felt before the test, during the test, and following the test, including a better understanding of the experience of the onset and course of symptoms. Table 1 shows the final version of discussion questions.


Table 1. Focus group discussion questions.
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At the start of each focus group, participants were given information about the purpose of the discussion and basic ground rules for the discussion such as giving everyone a chance to speak and that there were no right or wrong answers. As is usual during the conduct of focus groups, some participated more than others. However, the moderator systematically solicited participation from each participant and intervened when the discussion veered off topic. Participants often “fed off” each other generating broad and comprehensive discussions. Based on the potential for overexertion, focus groups were limited to 2 h, which allowed for most participants to answer every question; occasionally, not every participant responded to all discussion questions.



Data Analysis

For reasons explained above, we chose the grounded theory approach and, within that approach, the constant comparative method to analyze our data. Data analysis began after the first focus group and continued iteratively throughout the study. Three researchers developed the coding scheme individually and through team meetings and discussions. In-depth meetings were held to discuss coding differences at length and reach consensus. By the completion of the ninth focus group, salient themes were confirmed and repeated with no new themes emerging (i.e., saturation), signaling an end for the need for further participant recruitment (28). A qualitative software package (29) was used that automated the analysis process described above by allowing the researchers to electronically highlight words or phrases from each transcript and drag them into folders labeled for each theme and subtheme. The software package also allowed for easily combining or separating categories as needed based on analysis.




RESULTS

Forty-three participants with ME/CFS participated in nine focus groups. Participant demographics are shown in Table 2. Eight overarching themes emerged with salience to ME/CFS patients' experiences with PEM. Themes included the following: (1) PEM was triggered by three broad categories of events; (2) effects of PEM were impacted by baseline pre-exertional symptoms; (3) PEM had a wide symptom range with few differences between daily PEM and PEM following CPET, with three core symptoms (exhaustion, cognitive difficulties, and neuromuscular complaints); (4) PEM following CPET was more immediate and of longer duration than PEM in daily life; (5) the manner of onset of PEM symptoms varied; (6) complete rest was necessary to gain any relief in PEM symptoms; (7) planning and moderation of energy expenditure were seen as essential to avoiding PEM; and (8) the uncertainty and debility of PEM created despair.


Table 2. Demographic characteristics of focus group participants (n = 43).
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Theme 1. PEM Was Triggered by Three Broad Categories of Events

We asked focus group participants to give examples of activities that caused them to have PEM. Notably, there were three broad categories of activities: physical activity, cognitive effort, and emotion precipitated, although there was overlap across the three groups. These categories included triggers such as household chores, social activities, errands outside of the home, physical exercise, cognitive activities, and emotional moments (Figure 1).


[image: Figure 1]
FIGURE 1. Examples of post–exertional malaise triggers given by focus group respondents. Some triggers fall into multiple categories.


One participant explained how a trip to the grocery store can cause PEM:

“I can go grocery shopping 1 day and I am completely spent for 2 or 3 days.”

Another participant described how a trip to Walmart can cause PEM:

“I'm walking through Walmart to get my prescriptions but I'll feel ok, but then as soon as I get home it's like flipping a switch, and I just immediately have no energy.”

Participants frequently described how cognitive effort can cause PEM symptoms, as this participant described:

“I specifically notice it if I've had a one-on-one conversation with a friend. After about anywhere from 30 min to an hour, my brain literally starts to shut down, and I can't think clearly and I can't pay attention anymore.”

Another cognitive trigger example was described:

“Yesterday I was doing some sorting of a folder trying to clean some things out not even like processing just keeping this, throwing out that, and like an hour of that really burned my brain. I could feel that immediately after.”

Many participants also described how PEM can be caused by social or emotional stress. One participant described the effect of having her parents visit on a Saturday:

“Compared to a normal Saturday for me, which is just having my son at home with my husband, I engaged in several hours of social interaction, which I normally don't do. I have all this extra stress of parents coming. It's unexpected and other people in my house and all of that. So the next day midmorning, I start feeling bad and I know I definitely need to rest. So I start feeling bad and I lay down. I am basically in bed for 4 h.”

Another participant explained how stress can be a trigger for PEM:

“Stress is a big trigger. If I have a lot of things going on, a lot of things I need to do, or a lot of things I need to accomplish, and/or feel like I need to accomplish, it's hard for me to let go of those things. And I don't get better as quickly if I don't recognize it.”



Theme 2. Effects of PEM Were Impacted by Baseline Pre-exertional Symptoms

When focus group participants were asked to describe PEM following exertion, many expressed the importance of understanding their “starting point” or “baseline.” Participants described the pliable nature of symptoms and how successive exertion can compound symptoms. One participant explained this compounding effect:

“Two days after going to the doctor, my baseline was now exacerbated. It took much less [to cause PEM]. It could now be just having to get in the car and go get my kids, which I do every single day. I'm now unable to do because of that doctor appointment 2 days prior.”

Having an accurate assessment of baseline was particularly important for PEM following CPET evaluation. Many patients had to travel a long way to get to the site where the CPET was performed. These participants explained that PEM can be compounded by back-to-back exertion and that travel was a trigger for PEM. One participant explained:

“I had to travel several days across a number of states and I had to fly and all that, so it took a lot out of me just to get to the site of the testing, so I was feeling worse than a typical day for me by the time I got to the test site.”

Another participant described the effect of the travel to get to the CPET:

“Flying from Illinois to California and all the traveling, even with having a wheelchair, there was still walking and stress of traveling. I was going in already at a low baseline.”

Because ME/CFS symptoms can vary widely based on exertion in daily living, to accurately detect changes in symptoms from before to after CPET, it is imperative to obtain a thorough pre-CPET assessment.

This concept was not limited to CPET evaluation, but also was frequently mentioned in relation to daily PEM. Participants emphasized that when they overexert while already in an episode of PEM, the result was amplified.

This participant described how PEM symptoms can compound:

“If I do make it to the point where I almost faint, it is harder to recover from. Those situations for me are only happening if I just keep letting it compound, if this is several weeks of overexertion or having a cold or another issue.”

This compounding effect has implications for the management of PEM as described in a later section.



Theme 3. PEM Had a Wide Symptom Range With Few Differences Between Daily PEM and Following CPET, With Three Core Symptoms (Exhaustion, Cognitive Difficulties, and Neuromuscular Complaints)

During focus groups, we asked participants to describe symptoms they have experienced following exertion, both in their daily lives and following a CPET evaluation. We purposely did not query participants about specific symptoms, but rather asked a general open-ended question, “We'd like to hear some specific examples of how you feel throughout your entire body after exertion.” The purpose of this inquiry was to capture these complaints in the participant's own words. As such, no attempt was made to verify medical symptoms or diagnosis. Additionally, the intention of asking participants about symptoms was to determine the range and most commonly reported symptoms, but it was not feasible in the limited time to query each participant about every potential symptom. Furthermore, the benefit of using focus groups was to capture the most salient symptoms to participants without medical jargon or predetermined categories. Table 3 and Figures 2, 3 present the range and frequency of symptoms reported during focus groups, both for daily PEM and following CPET evaluation. Similar symptoms were reported for daily PEM and PEM following CPET evaluation. In response to this general question, nearly all participants described three core symptoms (exhaustion, cognitive difficulties, and neuromuscular complaints), both for daily PEM and PEM following CPET evaluation.


Table 3. Number of focus group participants with self-described post–exertional malaise symptoms.
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FIGURE 2. Symptoms of daily post–exertional malaise.



[image: Figure 3]
FIGURE 3. Symptoms of post–exertional malaise following cardiopulmonary exercise test.



Theme 3a. Exhaustion

Participants explained that the exhaustion from PEM is different than what they experienced before having ME/CFS. One participant put it this way:

“And it's a flulike exhaustion, really tiring. I used to be an athlete. I had a very intense job. So I would feel a lot of fatigue from those activities. But this is not that type of fatigue. This is a type of fatigue I felt when I rarely got the flu, years ago. Only that flu lasted for a few days and not for the years they have now.”

For some participants, the exhaustion from PEM was severe as explained by a participant:

“On some days, just walking from my bed to the bathroom was exhausting”

Another participant explained how PEM:

“Feels like you've had the flu, and you're just so weak and everything hurts, and you're exhausted trying to take a shower.”

Another participant described exhaustion following CPET as:

“I was exhausted. My arms and legs felt like Jell-O. Like they didn't want to do things.”

Similarly, another explained that after CPET:

“They just had to pick me up and toss me on the bed that they keep next to the bike. I couldn't even get off the bike and onto the bed myself because I was so exhausted.”



Theme 3b. Cognitive Difficulties

Cognitive difficulties were described as both difficulty thinking clearly/paying attention and difficulty speaking or finding words.

One participant described cognitive difficulties as:

“I get what I call molasses-type thinking. So I can still think, but it's harder to think and harder to put ideas together. And sometimes I have to read things over a few times to make them stick in my brain.”

Another explained:

“I can't think clearly. I'm unable to make any decisions about anything. Numbers, I feel almost like they're Greek, and they just don't make sense to me anymore at all.”

Thinking clearly was a common complaint as another described:

“I can be in a complete fog for a couple of days, and it is hard to make any decisions or remember basic things.”

Similarly, another participant described:

“I find it much harder to follow a conversation or a story.”

When describing the difficulty talking or finding words, one participant described:

“With speaking verbally, with words that I have known forever. The words weren't there anymore.”



Theme 3c. Neuromuscular Complaints

Patients often complained of neuromuscular symptoms, which included muscle pain/aches and muscle weakness. One participant described the overall muscle pain as:

“It's like pain has suddenly flared. They'll just be days that are like every exercise in any position I do just hurts. And I try something different, and it hurts and it hurts, and everything is just very irritated and I just have to stop, you know, I can't keep going.”

When describing muscle weakness, a participant talked about a three-block walk:

“I walked three blocks to a CVS and we were in there for maybe 10 min. And I had to leave; my legs were getting so weak they were shaky as if I had just run 10 miles. I had to go out and sit down. We had to go to a coffee place and sit for 20 to 30 min before I could move again to go three blocks back.”

Another participant compared muscle weakness to falling out of a truck:

“Like having glue between my muscles and feeling bruised all over, like I fell out of a truck.”

In addition to the three core symptoms, participants described a wide range of other symptoms including sensory sensitivity, feelings of despair, difficulty sleeping, headaches, nausea, and sore throat, among others (Table 3). Furthermore, no obvious symptom patterns or subsets emerged, but rather PEM symptoms were very specific to the individual. Additionally, patients reported several individual subcategories of major symptoms. For example, within the musculoskeletal subcategory, participants separately described muscle pain and muscle weakness, and as noted above, within cognitive difficulties, participants saw a distinction between difficulty focusing/thinking clearly and difficulty finding words/delayed talking. Participants also told us they view their physical, cognitive, and emotional symptoms as separate. As one participant explained:

“A physical reaction and emotional reaction are just so separate.”

Others explained how the emotional aspects can be tied to the unpredictability of PEM. One participant explained:

“You're questioning what awaits you. It's daily and in every single thing you do, everything you commit to. It's hard.”

While not as commonly mentioned as the three core symptoms, many participants described sensitivity to light, sound, and smell as part of PEM. One participant explained:

“I have to put on earphones. I need to block the sound. I wear a mask to block the light, wear sunglasses.”

When describing sensory sensitivity another participant said:

“I have to keep my room dark and noise to a minimum. If that's not good enough, then I have to wear an eye mask and earplugs to decrease the noise.”

Another talked about her sensitivity to noise:

“Even what's normal noise for people was painful to me. It would make me cry.”




Theme 4. PEM Following CPET Was More Immediate and of Longer Duration Than PEM in Daily Life

Focus group participants were asked about the timeframes for PEM symptoms, both after exertion in their daily lives and following CPET. We wanted to better understand when PEM symptoms began, peaked, and subsided. Open-ended questions were asked about PEM with no predetermined time frame provided to participants. We analyzed data for post–daily exertion and post-CPET separately (Figures 4, 5). For daily PEM, most participants perceived a delayed onset of symptoms, with nearly half reporting symptoms beginning 12–48 h after exertion. In contrast, more than three-quarters of participants reporting the onset of symptoms following CPET said they began immediately or within several hours. For participants who gave a timeframe for when symptoms of daily PEM peaked, nearly all agreed they peaked within 48 h after exertion, whereas peak in symptoms following CPET was reported sooner, with more than half saying they peaked within 24 h following the test. Approximately half of participants describing PEM from typical daily activities said that symptoms lasted between 2 and 7 days. Half of participants who described PEM symptoms following CPET said the duration was 48–96 h.
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FIGURE 4. Timeframes for onset, peak, and duration of daily post–exertional malaise.
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FIGURE 5. Timeframes for onset, peak, and duration of post–exertional malaise following cardiopulmonary exercise test.


Focus group participants contrasted PEM following CPET with PEM in their daily lives. This enabled participants to illustrate how the test pushed them beyond their usual activities. In particular, for many participants PEM following CPET was more immediate than PEM in their daily lives. Fourteen of 18 participants described having symptoms immediately or within a few hours following CPET compared to less than half of participants describing daily PEM. Many participants described sudden and immediate symptoms following the CPET, and for some, these began while still exercising on the bike, as described by this participant:

“During the test and right after I felt terrible. I felt I was going to pass out and very out of breath. I felt extremely nauseous like I was going to throw up. I felt very weak, and I was shaking, and they had to help get me off the bike.”

Another participant explained:

“As soon as I got off of the bike, I was incredibly wobbly. My muscles weren't working right, like I couldn't get them to work well. So they had me lie flat immediately for about an hour. During that time I started to feel sick. And by the time I got back to the hotel, I was in bed for the rest of the day.”

In addition to having more immediate symptoms following CPET, many also talked about how the CPET symptoms were more severe than PEM symptoms in daily life. As one participant told us:

“It was radically different than what normal life is because a lot of energy was expended in a short period of time… My day to day life is much different than that. I don't normally use energy that quickly and in that quantity. It's usually more of a gradual pronounced thing, whether it's working around the house a little bit, doing different chores… Normally that buildup of energy happens over a longer period of time.”

Another explained that:

“The symptoms [following CPET] were similar to PEM in day to day life, but they're multiplied by a factor of five, every one of them.”

Another participant agreed the symptoms were similar but more intense:

“I'm not sure the symptoms were a whole lot different than what I normally experience. It was just so much all at once.”

Reinforcing that PEM following CPET was more severe than daily PEM, this participant described how she still has not fully recovered:

“By the time I got home, I was pretty much a wreck. I was able to walk into the house on my own with my husband helping hold me up but I was unable to function at all. I wasn't brushing my teeth. I was just focused on getting to the bathroom. And I would say it took 4 months before I came back to close to my baseline. I don't think I've ever returned back to what I was before I walked into that test.”



Theme 5. The Manner of Onset of PEM Symptoms Varied

Separate from when PEM began (as shown in Figures 4, 5), we also determined whether participants perceived the onset of symptoms as sudden or gradual. We asked them to describe the transition from before exertion to experiencing symptoms of PEM. Many participants explained that it varied such that some symptoms came on suddenly and other symptoms were more gradual. As one participant explained:

“The hand tremors were sudden. The other symptoms I would say were more gradual. The other symptoms being the body pain, the diarrhea, the low-grade fever.”

For participants who reported their symptoms to have a usual onset, they were nearly evenly split between gradual and sudden onset. One participant described the gradual onset of symptoms as:

“It was gradual. The symptoms just started coming on, and they just kept getting a little bit worse and a little bit worse and a little bit worse.”

Another participant said that for her the onset is usually sudden. She explained:

“The symptoms often happen with an episode of low blood pressure, near fainting experience. And so, when they're combined, it's very sudden. And I can have an episode of almost fainting that comes on within minutes.”

Interestingly, 11 focus group participants described experiencing an adrenaline rush while doing an activity before the PEM symptoms came on, both in daily activities and during the CPET. These participants described experiencing “adrenaline,” “endorphins,” and “euphoria.” One participant described this feeling after CPET as:

“I get that high of feeling like, wow, I can do anything…”

Another explained:

“Emotionally right after my test I felt elated.”

Another said,

“I had a surge of endorphins and adrenaline during the test.”



Theme 6. Complete Rest Was Necessary to Gain Any Relief in PEM Symptoms

When asked what could alleviate PEM symptoms, virtually every participant agreed that while in an episode of PEM, complete rest was absolutely necessary to reduce symptoms. Many participants emphasized that this was not a strategy so much as an outcome. For these participants, complete rest was a “demand from the body.” One participant described it as:

“I have to say that the only thing that helps me, that helps those symptoms start to subside is complete rest. There is not a drug, there is nothing. It is complete rest”

Another participant elaborated,

“Complete rest is really the only thing that can facilitate a recovery for me. Basically, I have to stop and put things on hold because I realize when I am weakened with PEM, if I push through… I will end up making the symptoms worse, like going downhill really fast.”

Another described:

“It feels like life has all but shut down. It's such a profound undercutting of everything that feels positive, everything that feels like you can make a movement out or forward or up. Somebody was talking about the need to lie down. It's not even just a need. It's an absolute necessity. And I think that PEM just courses through your body and steals everything away that you think of as lively.”

When asked to describe what “complete rest” entails, most participants described lying down “absolutely flat” and with as little sensory input as possible. For many, this included ear plugs, darkness, and solitude. Some participants minimized going to the bathroom or had a bedside toilet option. In addition to complete rest, participants described a wide array of practices including over-the-counter and prescription medications, relaxation techniques, special diets, and professional counseling.



Theme 7. Planning and Moderation of Energy Expenditure Was Essential to Avoiding PEM

An interesting theme that emerged during focus group discussions centered around the steps taken by participants to manage activity levels in their daily lives to minimize the effects of PEM. This evolved into an in-depth discussion of pacing and its importance to ME/CFS patients in coping with the illness. Many participants described months or years of learning strategies for mitigating PEM. One participant explained:

“Now that I know how to manage my illness better and I know to always rest more than I need to, I don't have big crashes very often. I'm able to maintain a certain equilibrium as long as I stay within my energy envelope, and I have to be very strict about it. I've missed weddings and funerals and births and birthdays, and I have to be very, very careful, but I'm doing better overall, and my quality of life from day to day is better. And, so, I don't have very many crashes. So, I've kind of finally figured out how to keep that equilibrium, but it's very tentative.”

Another participant described the importance of planning ahead:

“If it's a really big thing, say I know that I've got to run a lot of errands that are unavoidable, I will actually look at the calendar and make sure that I don't have anything back to back, there's nothing going on for days after.”

Calendar management was an important aspect as a participant described:

“The other part of it is really, really managing my calendar. If I have a doctor's appointment, there is literally nothing else that I can get done that day and I have in my head to be prepared for it. So, I keep lots of tasks lists and things that need to get done, and during the week, I sort of move things around or, you know, change things.”

Along with learning to pace themselves, many participants described the compounding aspect of PEM. One participant explained:

“If I'm already in PEM and overexert, I feel the effects instantly and more intensely, and it lasts deeper and longer.”

Another explained:

“It's not just an add-on it's a multiplier. It's like an exponential effect on it. So to overdo while you're having PEM is much worse than overdoing when you're not in PEM.”

Although participants talked at length about the importance of moderating activities, many also emphasized that it is not easy, and PEM can be unpredictable. As one participant explained:

“One of the confusing things about symptoms is that they sometimes respond to behavioral changes, so, e.g., not doing certain things in order to not trigger the symptoms. And yet, other times is seems to happen no matter what you try to do differently. It's just not easy to predict or mange.”

Finally, many participants talked about the “learning curve” involved in managing activities in order to avoid PEM. Many took years of overexerting and “crashing” before learning better how to manage having ME/CFS. One participant put it this way:

“When I first got sick, I wasn't even familiar with the concept of pacing. So I was constantly in the cycle of overdoing it and crashing and overdoing it and crashing.”



Theme 8. The Uncertainty and Debility of PEM Created Despair

We asked focus group participants to describe the emotional aspects of having ME/CFS and PEM in particular. Participants talked at length about living with the unpredictability of PEM and having to adjust their lives to try to avoid severe PEM. Participants described the anxiety of not knowing how long the PEM would last and if they would ever return to their pre-PEM state. One participant summed it up as,

“I have a kind of post exertional despair that maybe I'll never get better.”

Other respondents described the difficulty in having ME/CFS symptoms on a daily basis and knowing that PEM could occur at any time, such as a participant who said:

“The real hard part is that you have to choose. You can't just do this. My life is never going to be complete.”

Another participant explained the unpredictability of PEM:

“It seems unpredictable in my case because I could do the same thing two different days, and 1 day it affects me a lot more than the other day.”

Another explained the despair in living with PEM:

“I have been sick so long that I really don't have a life. I would give anything to have just some part of my life back.”

Another participant explained the toll PEM has taken on her life,

“It's substantially different than my life was before, and it's debilitating to my life.”




PATIENT'S EXPERIENCES OF PEM

Figure 6 diagrams the overall experience of PEM described by focus group participants. Focus group analysis revealed an inability to live a “normal” life as a core aspect of the PEM experience as described by patients. The widespread mind and body symptoms coupled with the unpredictability of triggering events and the timing of onset and recovery of PEM create disabling consequences for ME/CFS patients. While many patients have found some success in managing PEM through pacing and forgoing previously joyful activities, our analyses nevertheless revealed a profound sense of loss and hopelessness in several participants. When describing the symptoms, timeframe, and experience of PEM, many found it helpful to contrast PEM to how “normal” people experience energy. An example is a participant describing her lack of energy throughout the day,
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FIGURE 6. Experience of post–exertional malaise.


“A normal person's energy is almost energy on demand throughout the day aside from resting every 24 h, but for us, it is such a lag for recuperating energy.”

Another explained:

“I feel like I'm just constantly assessing my energy level, and normal people don't do that. They get up in the morning and they pretty much know that they can get through a list of things to do, whereas it can take me weeks to get two or three things done, sometimes none at all.”

Focus group participants similarly contrasted their cognitive fatigue with “normal” people as this participant explained:

“You cannot focus on simple things like remembering the name of a lamp… the word won't come. I can't balance a checkbook, can't do any kind of math, can't absorb information. People will be explaining something to you, and it's like they're speaking another language, and my mind will not focus on what they're saying. Those are times I stay home because I shouldn't be driving. I shouldn't be operating any kind of machinery. I shouldn't be cooking because I'm not able to function on a ‘normal' basis like everybody else does.”

Participants also described the inability to live a “normal” life due to the compounding effect of PEM. One participant explained this in relation to a visit from relatives,

“So my parents decide to come, and it immediately becomes this stressful situation because my mom is a delegator, and she's saying we need to bring our dog and start looking for a dog-friendly hotel and a place to stay with her RV, and she's already delegating and putting this stuff on me without realizing what she's doing. So all of that may not seem like much to a normal healthy person, but that starts building throughout the day.”

This lack of living a normal life came up related to adjustments people have made in their daily lives to try to minimize PEM. As one participant described:

“There are all sorts of things we do to try to minimize PEM. I used to listen to music and I don't do that anymore. And there are all sorts of things that when anyone sees me doing this, I look pretty normal. But they don't see all the planning and all the changes I've made in order to do something. Like going outside, I used to hike. I can't do that anymore. But I can still sit down and picnic, and that looks normal to someone else.”



DISCUSSION

Focus groups analyses found that PEM is significantly disruptive to the lives of ME/CFS patients, often being unpredictable and difficult to control. Day-to-day activities such as going to the grocery store or having a family member visit can cause PEM, and symptoms are wide ranging with every part of the body affected. This is the first in the literature using purely qualitative methods to study PEM following CPET, and findings point to more immediate and longer-lasting PEM than occurring in patients' day-to-day lives. Participants also described the necessity of lying flat and minimizing sensory input to recover from PEM and tedious planning to try to avoid episodes of PEM. The PEM experience for ME/CFS patients can create a significant emotional impact.

The wide range of symptoms found in the current study has been found in previous research. For instance, a previous review article found that symptoms affect every part of the body (30). Similarly, Chu et al. (11) found over a dozen PEM symptoms affecting all parts of the body and also noted a different cluster of symptoms among men and older patients vs. women. The current study found no discrete symptom groups, and in fact, many individual symptoms were reported by only one or two participants.

In addition to wide-ranging symptoms, the current study found three core PEM symptoms: exhaustion, cognitive difficulties, and neuromuscular complaints. While several studies have found core PEM symptoms, the exact set differs across studies, although nearly all have found some form of physical fatigue, cognitive difficulties, and pain as core symptoms. A recent study (31) used open-ended questionnaire data and predefined symptom categories to determine PEM symptoms in ME/CFS patients following CPET testing. That study found fatigue, muscle/joint pain, and cognitive dysfunction occurred with greatest frequency, overlapping substantially with the current findings. A previous study examining PEM across several countries found fatigue, cognitive dysfunction, disturbed/unrefreshed sleep, and pain presenting as common symptoms across patients (32). Another study found fatigue, difficulty concentrating, difficulty thinking, and muscle pain as the top four PEM symptoms in ME/CFS patients (11), and another found reduced stamina, physical fatigue, cognitive exhaustion, and problems thinking to be the most common PEM symptoms (6). Several studies have found unrefreshed sleep/sleep disturbance as a core PEM symptom reported via questionnaire data (6, 11). Sleep disturbances or unrefreshed sleep was reported by about one-quarter of participants in the current study. One-third of participants in the current study reported sensory sensitivity, higher in frequency than previous studies using questionnaire data (11, 12). Differences across studies may be due to differences in data collection methods and/or differences in the demographics of the study populations. None used a random sample of patients, and most used an exhaustive list of symptoms rather than the open-ended approach used in the current study.

Our findings overlap substantially with a previous focus group study of PEM in ME/CFS patients. That study found five main themes related to symptoms: feeling exhausted or tired, feeling heaviness in the limbs or whole body, sensing fogginess in the head, feeling weakness in the muscles, and feeling drained of energy (10). These findings overlap with the three core symptoms that emerged from the current study. “Cognitive difficulties” is comparable to “sensing fogginess in the head,” “muscle pain and weakness” is akin to “feeling weakness in the muscles,” and “exhaustion” overlaps with “feeling drained of energy” and “feeling exhausted or tired (11).” This previous study found that physical or cognitive exertion can cause PEM, and basic daily activities such as bathing, dressing, toileting, and reading can be triggers. The current study similarly found a wide range of physical and cognitive activities can trigger PEM, but also found that emotional events are common triggers. Focus group participants described how the emotional stress from family visits or funerals can trigger PEM symptoms. Previous studies using questionnaires have similarly found that emotional distress can cause PEM (6, 11, 33).

The current findings in conjunction with previous studies presenting descriptors of PEM symptoms have translated into multiple labels used for similar symptoms. For example, Chu et al. (11) list “poor concentration” and “difficulty thinking” separately among the top symptoms, whereas Holtzman et al. (6) list “cognitive exhaustion” and “problems thinking” separately. The current study found differences reported by participants between “difficulty focusing or thinking clearly,” “memory problems,” and “delayed speech or difficulty finding words.” These cognitive symptoms may correspond to the neurocognitive domains of attention/executive functioning, memory, and language functioning, although it is also possible that cognitive symptoms that appear to be describing deficits in one domain (e.g., language) are actually the downstream effect of disruption of another domain (e.g., attention/executive functioning). Regardless, in conducting neurocognitive and neuroimaging studies of ME/CFS, the current study may suggest focused assessment of those three cognitive domains and the brain networks that subserve them. The wide variety of ways in which people describe the same experience may cause inconsistencies in the performance of patient outcome questionnaires used to measure PEM symptoms. Underreporting of symptoms with PEM symptom questionnaires has been previously observed (34). Open-ended questions to allow research participants to express their personal nuances of PEM may be needed in addition to standardized instruments, to accurately discern the onset and severity of PEM in an experimental setting.

PEM in the current study was similar to PEM found in veterans with Gulf War syndrome who rated exercise as painful and fatiguing (35). However, prolonged effects from PEM occurred more often and with greater duration among ME/CFS (13) patients than patients with multiple sclerosis and postpolio syndrome, suggesting that the fatigue experience is multifaceted with variation across patient groups.

The current study is the first in the available literature using qualitative methods to compare daily PEM and PEM following CPET evaluation. Patients emphasized the importance of understanding pre-exertion state to fully assess the effects of PEM. Furthermore, current findings highlight that PEM following CPET was more immediate and of longer duration than PEM in daily life. For both daily and following CPET, participants said recovery took several days to several weeks or even months with more variation seen for daily PEM. These findings are in keeping with the literature. Jason et al. (34) found variability in the duration or onset of fatigue after activity, from an hour to over a day. Another ME/CFS study (10) found PEM came on immediately for some, and for others, it was delayed and that it often depended on the intensity of activity. Many of the current participants also described variability based on the intensity of activity and whether they were already in the midst of a PEM episode.

Also unique to the current study is querying patients about whether they perceived a sudden or gradual onset of PEM symptoms. Like other aspects of ME/CFS, no clear pattern was seen. Regardless of specific symptoms, timing, and onset of PEM, participants nearly all agreed that recovery from PEM required complete rest, and this rest must include as little sensory input as possible.

The need on the part of ME/CFS patients for calendar management and pacing has been seen in several prior studies (36–38). A prior focus group study found that patients can benefit by learning their body signals and by individually tailored activities (36). Clinical and experimental studies should consider providing schedules to participants prior to the study to enable alterations to be made to aid in participant pacing. Likewise, every attempt should be made to allow ME/CFS participants to have complete rest to recover from PEM. Studies of PEM should be cognizant of this need in providing after CPET care for ME/CFS participants. Pacing has also been found as beneficial with postpolio syndrome (39) and chronic pain and fatigue (40).

The current study touched upon the emotional toll of coping with ME/CFS. Researchers and clinicians should take care to appreciate and address the deep despair conveyed by ME/CFS patients. For some, the daily toll of living with ME/CFS has been devastating. There currently exist few treatments for ME/CFS and current clinical protocols focus on management. A previous study found that stress management interventions might alleviate PEM in some patients (41). The current finding that emotional triggers can cause PEM adds additional evidence that stress management could be beneficial.



STUDY LIMITATIONS

There are several limitations to this study. First, responses were dependent on retrospective recall of participant experiences with CPET evaluation. Second, all of the participants provided their diagnostic information strictly through self-report. No attempt to understand whether participants would fulfill a criteria-based diagnosis was made as part of this study. These participants are best described as persons who reported a medical diagnosis of ME/CFS and had a physician refer them for ME/CFS specific CPET testing in the community. The current research team has had extensive experience with review of medical records for ME/CFS; the vast majority of diagnoses are made by practitioner gestalt rather than by published diagnostic criteria. These results reflect how PEM is described by persons in the general ME/CFS community. Third, focus groups were conducted over the telephone, making it more difficult for the moderator to control and manage discussions. Some participants may not have fully engaged with the focus group, and at times, discussions went on tangents unrelated to the original query. Despite these limitations, almost all participants contributed substantially to discussions, and the moderator was able, to a large extent, to keep discussions focused and on track.



IMPLICATIONS FOR FUTURE RESEARCH AND CLINICAL APPLICATION

The current study points to several areas that warrant further exploration. One such area is determining the most effective tools clinicians can provide to patients for managing PEM. Because of the lack of effective treatments for PEM, some ME/CFS researchers have suggested pacing as a therapeutic option to be used by practitioners (42). Focus group participants in the current study talked at length about the importance of planning and moderation of energy expenditure to avoid PEM, and many described a long period of trial and error before gaining any success with moderating PEM. Although widely discussed in patient forums, this topic has little empirical research and should be studied further. In particular, future research could identify specific pacing regimens that prove most beneficial to specific subtypes of PEM.

The current study also points to the need for researchers studying PEM in ME/CFS patients to be cognizant of the effects of travel on PEM. For example, patients should arrive several days prior to starting participation to foster recovery from travel. Additionally, it is important to fully understanding a patient's pre-CPET state to accurately assess the effects of the test on PEM symptoms. ME/CFS patients described a fluid baseline, which could change quickly and was difficult to anticipate. Assessments should be performed before the patient travels to get an accurate understanding of the patient's physical, cognitive, and emotional state prior to the experiment. Researchers should also note that PEM induced by CPET differs from daily PEM, and symptoms and timeframes from the experimental setting might not fully correspond with those found in daily PEM.



CONCLUSION

ME/CFS patients describe PEM as all-encompassing with symptoms affecting every part of the body, difficult to predict or manage, and requiring complete bedrest to fully or partially recover. Through in-depth focus group discussions, ME/CFS patients describe PEM as disruptive to living a self-described “normal” life, sometimes leading to hopelessness or despair. Given the extensive variability in PEM symptoms and timeframes for onset, peak, and recovery, further research identifying subtypes of PEM could lead to better targeted therapeutic options.
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Graduate degree 279
Unknown 163
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Part-time 93
Disabled 67.4
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Unknown 163
In bed most of the time

Yes 42
No 395
Unknown 186
Years since symptom onset

<5 256
59 256
10-14 186
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Category ~ Symptom DailyPEM  CPETPEM

(n=30) (n=21)
General
Exhaustion 30 20
Difficulty sleeping/insomnia 8 3
“Flulie” unspecified 3 2
Chils 5 1
Feverish feeling or 3 6
low-grade fever
Drop in temperature 1 -
Cognitive
Difficulty thinking clearly or 24 10
paying attention
Memory problems 8 2
Dificulty finding words when 12
speaking
Neuromuscular complaints
Muscle pain/aches 20 8
Muscle weakness 10 5
Joint pain 5 5
Muscle stiffness - 2
Clumsy in movements 4 2
Muscle 3 3
convulsions/twitching/spasms
Widespread body pain 2 2
Sensory
Sensitive to light, sound, 11 4
smell
Blurry vision - 1
Affect
Depression/despair/hopelessness 9 2
Short temper/iritabiity 3 -
Anxiety 3 -
Ear, nose, throat
Sore throat 7 3
“Sore glands” lymph nodes 1 2
Sinus pain 1 -
Congestion — 1
Heavy eyes 1 -
Cardiovascular
Low blood pressure/near 7 2
fainting/drop in heart rate
Heart racing or pounding 6 4
Sweating 2 -
Neurological
Dizziness/vertigo 3 3
Headache/migraine 7 6
Burning pain 5 2
Tingling/numbness 3 -
Tremors 2 2
Slurred speech 1 =
Blurry vision 1 -
Gastrointestinal
Nausea 4 4
Diarrhea 2 1
Can't control bowels 2 -
Constipation 2 -
Cramping 1 -
Loss of appetite 1 2
Unspecified 2 -
Pulmonary
Difficulty breathing/short on 3 5
breath
Chest pain 3 -
Bladder 2 -
control
Dermatologic
Hives 1 =

The medical groupings listed on this table are based on the participant’s own description
of the symptoms. No medical examination was given, nor was there an attempt to verify
or qualify self-report symptom.
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VEIM (n=82) EIM (n =86)

Age (years) 602+ 105
(32-80)
<65 52 (63.4%)
65-80 30 (36.6%)
Sex (male) 67 (81.7%)
RISK FACTORS
Hypertension 54 (65.8%)
Diabetes melitus 22 (26.8%)
Ischemic heart disease 9 (11.0%)
Atial fibrilation 5(6.1%)
Hypercholesterolemia 62 (75.6%)
Smoking 34 (41.4%)
Previous stroke or TIA 17 (20.7%)
Pre-morbid disability
mRS 0 79 (96.3%)
mRS 1 3(8.7%)
mRS 2 0
ADMISSION RANKIN SCORE
mRS 0 )
mRS 1 12 (14.6%)
mRS 2 17 (20.7%)
mRS 3 21 (25.6%)
mRS 4 28 (34.1%)
mRS 5 4(4.9%)
mRS 6 0
Rankin score [0-2) 29 (35.3%)
STROKE SEVERITY
NIHSS score 5.9(1-16)
Mild(1-7) 58 (70.7%)
Moderate(8-16) 24 (20.3%)
Severe(>16) 0
fPA treatment (yes) 21 (25.6%)

609 10.7
(30-80)
54 (62.8%)
32(37.2%)
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Characteristic

Profession, n (%)
Medical doctor
Occupational therapist
Physical therapist
Rehabiltation engineer
Experience, Median (IQR), Years
Clinical
Research
Region of practice

IQR, interquartile range.

12 (36.4)
8(24.2)
11(33.9)
2(6.1)

15(9)

15 (14)

Austria, Belgium, Gzech Republic,
Cyprus, Denmark, Finland,
Germany, Italy, Latvia, Lithuania,
the Netherlands, Norway, Poland,
Portugal, Spain, Sweden,
Switzerland, United Kingdom
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Time from stroke  (Hours) 45+£204 43184 081
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Hemorhagic 4(40) 2(16.7)
Both 2(20) 2(16.7)
Stroke Cortical 3(30) 4(33.9) 0.80
Localization Subcortical 4(40) 4(33.3)
Brainster 1(10) 0
Cortico- 2(20) 4(33.3)
subcortical
Stroke Side Right 6(60) 4(33.9) 023
Left 4 (40) 8(66.7)
Bilateral 0 0
CAD (Coronary 7(70) 10(83.9) 0.13
Artery disease)
Smoke 2(20) 6(50) 0.16
Hypertension 8(80) 8(66.7) 051
Diabstes 2 (20) 4(33.9) 051
Hypercholesterolemia 440) 6(50) 066
Atrial Fibrillation 2(20) 0 o.11
Previous No 8(80) 8(66.7) 0.89
Stroke Ischemic 1(10) 4(33.9)
Hemorthagic 1(10) o
Cardiac Failure 1(10) o 028

NIHSS (T0) (Mean+SD) 124+ 4.09 104322 0.13
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Duration Case_n Case_mean Case SD Control_n Control_mean Control SD Duration(min) Outcome measures

5 x 30min sessions over a 4-week period 30 38.97 10.06 30 33.17 1049 600  FMAAROMIEMG;

6 x 40min sessions over a 8-week period 20 343 631 20 238 500 1920 BNFMAMAS;

6 x 20min sessions over a 4-week period 30 512 7.871 30 4223 11.316 480 BNFMAFIM;

MTS5 x 30min sessions over a 4-week 45 45.96 4.08 45 33.58 1.98 900  FMABISTEF;

period AT:5 x 30 min sessions over a

4-week period

AT:6 x 20 min sessions over a 4-week 20 a7 971 20 327 873 480 FMAAROM;BIBN;

period AT+MT: 6 x 20 min sessions over a

4-weskperiod

5 x B0 min sessions over a 12-week period 20 3497 785 20 25.71 9.45 1800 FMABI;

5 x 90min sessions over a 4-week period 14 50.93 9.41 14 49.86 897 1800 FMAMyoton;BBT:10
MWT;MAL;

5 x 90min sessions over a 4-week period 15 436 9.76 16 4356 873 1800 FMA; FIM; rNSA; BBT:

5 x 40min sessions over a3-week period 12 26,67 868 11 17.45 569 600 BBTFMABNMFT:

5 x 30min sessions over a 3-week period 15 29.73 14.4 17 17.73 9.1 450 FMA;

E, experimental group; C, control group; EMGBF, Electromyographic biofeedback; AT, Acupuncture; MG, Mesh glove; ES, EMG-triggered electrical stimulation; CT, Conventional
therapy; MIT, mirror therapy; FMA, Fugl-Meyer Assessment; AROM, active range of motion; IEMG, Imaging electromyography; BN, Brunnstrom stage; MAS, motor assessment scale;
FIM, Function Independence Measure; MBI, Modilied BarthelIndex; STEF, simple test for evaluating hand function; BI, Barthel Index; BBT, Box and Block Test; 1MW/, 10-Meter Walk
Test; MAL, MAL, Motor Activity Log.; rNSA, revised Nottingham Sensory Assessment; MFT, Manual Function Test: n, number; mean, average number: SD, standard difference.
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Focus group discussion questions

Daily post-exertional malaise discussion questions:

 Weareinterested in learing about how you have felt after exertion in your day to
day life. We want to hear about any physical, cognitive, or emotional symptoms
that you may have experienced after exertion. It may be helpful to use a specific
example.

Probe: Physical, cognitive, and emotional
Probe: We are interested in how you felt throughout your whole body

* How long after the exertion in your daily ife do your symptorns usually first begin
or start to come on?

« Please describe the transtion from before exertion to having PEM symptoms.
Probe: Was it more gradual or more sudden?

* When are your symptoms at the worst, or the peak of PEM following exertion
in your daily life?

Probe: How many hours or days after the exertion?

* We would like to get a sense of how long after exertion in your daily e until you
felt that you had recovered, that is, went back to feeling the same as you did at
your usual baseline?

Cardiopulmonary exercise test discussion questions:

* We are interested in learning about your experiences before, during, and after
the CPET test. We want to get a sense of how you were feeling before you got
on the bike or treadmill, how you felt while on the bike or treadmil, and finally
what you experienced several hours and days later. Please describe what this
was like physically, cognitively, and emotionally.

Probe: Physical, cognitive, and emotional.
Probe: We are interested in how you felt throughout your whole bodly.

« How long after the CPET test did your symptoms first begin or start to come
on?

* Please describe the transition from before the GPET to having PEM symptorns.
Probe: Was it more gradual or more sudden?

* When were your symptoms at the worst, or the peak following the GPET test?
Probe: How many hours or days after the CPET?

* We would like to get a sense of how long it took after the CPET test until you
felt that you had recovered from the test, that is, went back to feeling the same
as you did before the test, or at your usual baseline?

Probe: How many hours or days after the CPET?

* Please compare the physical, cognitive, and emotional symptoms following
CPET with those that occur after exertion in your dally lfe. In what ways are
symptoms after GPET similar or different from symptoms after exertion in your
daily lfe?

* Can you describe how it felt as you recovered from the C-PET test? Was it a
gradual or more sudden recovery?

General questions about post-exertional malaise:

« The next question is about any strategies you may have tried to feel better after
experiencing symptoms of post-exertional malaise or PEM. Please tell us about
anything that you've tried that has or has not helped.

Probe: What does *complete rest” mean? Do you get up for the toiet or to eat?
For any other reason?

« Have you modified your activities because of anticipation of fesling poorly after
exertion?

Probe: What kinds of thoughts go through your mind when deciding whether
to exert yourself?

* Anything else you would like to add to help us better understand your
experiences with PEM related to exertion in your daly fife or from the C-PET
test?

« Any final thoughts or questions before we end today?
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time points for the National Institutes of Health Stroke Scale, only indicated at these
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Measure, only indicated at these time points.
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Age (years); mean (SD)
Sex; n(%) male

Time since stroke event
to first treatment
(months); N, mean (SD)
(95%Cl)

Time since arm spasticity
onset to first treatment
(months); N, mean (SD),
[95%C])
Arm pattern; n (%)
Type
Type l
Type Il
Type IV
TypeV
Missing
MASewr score”
Pain on VAS

Early-start
N=63

50.70 (10.98)
41(65.1)
N=62

3.74(1.75)

829, 4.18)

N=59
2.60(1.96)
2.09,3.11)

11(17.5)
0
24(38.1)
27 (42.9)
1(1.6)

0
4.82(1.39)
3.92(3.05)

Medium-start
N=126

60.58 (10.94)
89(70.6)

N=126
20.11(11.08)
[18.16, 22.06]

N=114
17.20(11.76)
[16.02, 19.38]

16(13.2)
3(25)
52(43.0)
40(33.1)
10(83)
5
453 (1.55)
280 (2.89)

Late-start
N=63

6225 (13.35)
30(47.6)
N=63

144.24 (20.85)

[121.36,167.12]

N=59
138.63 (91.82)
[114.70,162.56]

4(6.3)
463
23(36.5)
30 (47.6)
2(32)

0
4.83(1.36)
230 (281)

Al available data is presented, including the number of patients who had available data
for each indfvidual outcome. *Composite Modified Ashworth Scale (MAS) score = sum of
elbow and wrist flexors (MASgwr). VAS, visual analog scale.
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Early-start Medium-start Late-start

N=63 N=126 N=63
Total dose (U) N=63 N=125 N=62
throughout study;

Mean (SD) 719.32 (338.5) 71423 (342.2) 807.45 (402.7)
Median [range] ~ 645.0 [150.0-1833.7) 655.0 [220.0-2112.5] 780.0 [100.0-1800.0]
Time between study N=60 N=125 N=63
injections; (M)

Mean (SD) 3.70(1.2) 3.78(1.5) 3.46(0.8)
Median [range] 32(21-7.4) 33[1.5-13.4) 32[27-6.1]
Length of exposure N=63 N=126 N=63

(days)

Mean (SD) 376.3 (169.6) 402.9(140.1) 390.6 (136.7)

Median [range] 387.0(58.0-1018.0] 381.5(92.0-1113.0]  386.0 87.0-1029.0)
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Early-start group
N =52

Least square mean (SE) 372(0.28)
MASgws: score

Difference in Least square

means

95% Confidence interval for

the difference

p-value

Late-start group
(N =54)

3.87(0.28)

0.15

[-0.34,0.64)

0.65

The final ANCOVA model included the following covariates: start of treatment group,
baseline MAS score, time since last injection before MAS assessment at V5 (days),
spasticity pattemn at baseline, overall achievement of individual treatment goals,

concomitant therapy and average total dose (U).
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Goal type

Improvernent of
mobilty/flexibiity;
n (%)

Pain reduction; n (%)

Ease of care and
hygiene; n (%)

Support and ease of
PT/OT; n (%)

Functional
improvement; n (%)

Other; n (%)

Visit

Visit 2
Fully achieved
Partially achieved
Not achieved
Missing

Visit 5
Fully achieved
Partially achieved
Not achieved
Missing

Visit 2
Fully achieved
Partially achieved
Not achieved
Missing

Visit 5
Fully achieved
Partially achieved
Not achieved
Missing

Visit 2
Fully achieved
Partially achieved
Not achieved
Missing

Visit 5
Fully achieved
Partially achieved
Not achieved
Missing

Visit 2
Fully achieved
Partially achieved
Not achieved
Missing

Visit 5
Fully achieved
Partially achieved
Not achieved
Missing

Visit 2
Fully achieved
Partially achieved
Not achieved
Missing

Visit 5
Fully achieved
Partially achieved
Not achieved
Missing

Visit 2
Fully achieved
Partially achieved
Not achieved
Missing

Visit 5
Fully achieved
Partially achieved
Not achieved
Missing

Early-
start

8(22.9%)

20 (57.1%)

7 (20.0%)
11

9 (47.4%)

9(47.4%)

1(6.3%)
0

8(32.0%)

14(56.0%)

3(12.0%)
8

3(37.5%)

4(50.0%)

1 (12.5%)
1

8(308%)
16 (61.5%)
2(7.7%)
6

9(64.3%)
4(28.6%)
1(7.1%)
0

9(33.3%)
17 (63.0%)
13.7%)
5

12 (75.0%)
3(18.8%)
1(6.3%)
0

2(10.5%)

8(42.1%)

9(47.4%)
5

1(0.1%)

5(45.5%)

5(45.5%)
0

0
2 (100.0%)
0

0

1(100.0%)
00
0

Medium-
start

19 (22.1%)

58 (67.4%)

9(10.5%)
8

22 (34.4%)
38 (50.4%)
4(6.3%)
4

16 (41.0%)

21 (53.8%)

2(6.1%
12

9 (30.0%)

17 (66.7%)

4(13.3%)
3

22 (38.6%)
30 (52.6%)
5(8.8%)
9

20 (45.5%)
22 (50.0%)
2(4.5%)
2

21 (35.0%)
37 (61.7%)
2(3.3%)
6

24 (50.0%)
23 (47.9%)
1(2.1%)
2

5(12.5%)

29 (72.5%)

6(15.0%)
8

2(7.1%)

21 (75.0%)

5(17.9%)
3

4(66.7%)

1(16.7%)

1(16.7%)
0

3(60.0%)
2(40.0%)
0
0

Late-start

7(16.7%)
31(73.8%)
4(9.5%)
6

6(18.2%)
25 (75.8%)
2(6.1%)
3

7 (33.3%)

11 (52.4%)

3(14.3%)
4

7 (38.9%)

9(50.0%)

2(11.1%)
2

13 (32.5%)
26 (65.0%)
1(25%)
5

15 (50.0%)
14 (46.7%)
1(3.3%)
3

9(27.3%)
22(66.7%)
2(6.1%)
4

11(39.3%)
17 (60.7%)
0
1

1(7.1%)
13 (92.9%)
o
3

2(16.7%)

7(68.3%)

3(25.0%)
1

1(50.0%)
1(50.0%)
0

0

2(66.7%)
1(33.3%)
0
0
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Aerobic exercise intensity (see Figure 1):

1. Up to 1 month post-stroke: Mobilization and then gradual progression to light and then moderate intensity aerobic activity [~10-15% below the level of the
‘anaerobic threshold (ATh)). Increase light intensity total duration first by ~5~10min every 1-2 weeks to =20 min (non-continuous preferred in 5~10min intervals)
then gradually increase intensity. The aim being to achieve moderate intensity exercise at the end of the 4 week period in higher functioning less medically
complex patients.

2. 1-3 months post- stroke: Gradual progression from moderate intensity (~10~15% below the level of the ATh) to the ATh if appropriate. First increase duration
from 20 min to 30-60min and then increase intensity.

3. More than 3 months post-stroke: Gradual progression to greater than moderate (ATh) to high intensity continuous or interval aerobi training if appropriate
(preferably based on results of a graded exercise stress test with ECG monitoring).

Patients should be appropriately screened for participation and exercise strategies for safe prescription implemented. Exercise and mobilization should be prescribed
on a case-by-case basis. Allow time for physiological adaptation after progression of an exercise parameter.

« In people with borderline high resting blood pressure in the first month post-stroke, prescribe exercise that engages a small amount of muscle mass.

« Inthose not at risk of OH and prescribed beta-blocker medication such as Metoprolol (Lopressor) and Atenclol (Tenormin) perform aerobic exercises at a time

when the medication is at maximum effect (i.e., ~24 h after oral administration depending on dose).

« Avoid morning exercise in the early post-stroke phase until more research has been conducted in people following stroke.

Strategies to reduce mean arterial pressure fluctuations

o Avoid exercise that results in rapid and large fluctuations in MAP such as rowing and high intensity interval training, until at least 3 months post-stroke.
o Avoid a sudden transition in exercise intensity by including a gradual ramping up or down in intensity during the warm up and cool down period.
o Avoid the Valsalva-like maneuver (breath holding) and avoid exercise with an isometric component (ike rowing).
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ALL_n  Age, years, mean (SD)(E/C)
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55.92 + 11.75/55.64 £ 12.61
62+ 19.6/63+ 115

Paretic side
(n:
right/left)(E/C)

11/1910/20
13/7 12/8
14/16 14/16
27/18 21/24
11/9 8/12
unclear
8/66/8
7/87/110
4/8 6/5
7/88/9

Time since stroke onset,
day, mean (SD)(E/C)

119.26 + 41.08/120.37 £ 39.4
17.61 +£7.63/15.36 £ 8.19
18.03 + 5.654/21.23 + 8.365
40.73 £ 6.75/42.69 £ 7.42
19.6 +20.3/30.8 + 28.7

<8 weeks

158.97 £ 95.34/129.5 + 81.27
660 + 421.2 /631.3 £ 397.2
34.06 + 1.65/35.00 + 15.05
1-6 months

Clinical
stage

Subcute
Subcute
Subcute
Subcute
Subcute
Subcute
Chronic

Chronic

Subcute
Subcute

Severity (Brunnstrom stages)
(E/C)

Unclear

1.15+£0.37/1.20 £ 0.41
2.93 + 1.0066/2.67 + 1.011
Unclear

2.15+0.726/19 £0.70
Unclear

4.25 £ 0.64/4.25 £ 0.64
Unclear

3.5 +0.97/3.28 + 1.051
Unclear

Type

EMGBF
EMGBF
EMGBF
AT

AT

AT

MG
MG

ES

ES

Interventions(E/C)

EMGBF+MT-+CT/EMGBT+CT
EMGBF+MT+CT/EMGBF+CT
EMGBF+MT+CT/EMGBF+CT
AT+MT+CT /MT+CT
AT4MT+CT /MT+CT
AT+MT+CT /MT+CT
MG+MT+CT/MT+CT
MG+MT+CT MT+CT
ES+MT +CT/ES+CT
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Early-start

ELBOW

PROM; N, Mean (SD)

Visit 1 40
105.63 (40.16)

Visit 3 32
112.50 (39.72)

Visit 5 20
107.50 (36.58)

AROM; N, Mean (SD)

Visit 1 25
66.20 (41.91)

Visit 3 21
7000 (38.57)

Visit 5 12
66.67 (32.64)

WRIST

PROM; N, Mean (SD)

Visit 1 43
83,07 (38.22)

Visit 3 33
97.88 (31.08)

Visit 5 24
110.83 (37.41)

AROM; N, Mean (SD)

Visit 1 30
46.33 (31.10)

Visit 3 21
41.90(21.12)

Visit 5 19

49.21(38.12)

Medium-start

79
107.25 (37.86)
69
109.20 (35.04)
58
118.36 (38.22)

52
70.19 (41.79)

50
6850 (39.96)

35
72.20 (44.58)

87
84.74 (36.01)
7%
93.49 (33.33)
60
103.25 (33.02)

53
45.28 (29.03)
44
43,64 (24.50)
35
45.29 (31.58)

Late-start

42
105.07 (34.53)
36
103.75 (35.68)
29
102.24 (38.44)

30
68.87 (39.25)
24
78.42 (33.99)
18
63.33(30.33)

46
88.65 (34.81)

32
9188 (35.05)

30
95.00 (37.56)

24
43.50 (27.86)
18
46.50 (29.90)
17
50.24 (44.56)
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Record

Australian Stroke Foundation (38).
(Stroke)

Winsteinet al. (14) (Stroke)

Royal College of Physicians (16)
(Stroke)

Veerbeek et al. Dutch Guidelines (17)
(Stroke)

NICE, Multiple Scierosis (32). (MS)

SIGN. Guideline 130 Brain injury
rehabiltation in adutts (26) (TB)

NICE. Stroke rehabilitation in adults -
NICE guideline (28) (Stroke)

NSCISB. The National Spinal Cord
Injury Strategy Board (54). (SCI)

Bryer et al. The South African
guideline (33) (Stroke)

Swedish National Board of_Health
and Welfare. Qualty and efficiency of
stroke care in Sweden (55). (Stroke)
Venketasubramanian et al. Singapore
Clinical Practice Guidefines
Workgroup on Stroke (56) (Stroke)
Guideline 118. SIGN. Management of
patients with stroke (57). (Stroke)

Estonian clinical guidelines for stroke
rehabiltation (27) (Stroke)

New Zealand Clnical guidelines for
Stroke Management (60). (Stroke)

Year

2017

2016

2016

2014

2014

2013

2013

2012

2011

2011

2011

2011

2011

2010

Summary of recommendations

Use of valid measures; assessment made by trained
clinicians. No reference to physical assessment of
the upper limb

Recommends a single assessment used throughout
the course of stroke recovery

Use of the WHO ICF and instruments appropriate to
the intervention. Clinicians should be trained in the
use of measurement scales; set agreed goals
(including patient and carers)

Measures that are valid, refiable, responsive and
feasible within each ICF domain. Use for diagnoss,
clinical decision-making, to prediict recovery, and
assess progress.

Measure at predefined times to monitor recovery
©.g., within one week of admission and discharge
(or when transferring care) end of the 1st week, 3rd
and 6th month post-stroke. Consider measures
before each multicisciplinary meeting.

No reference to upper limb problems.

Assessment should be conducted by a *healthcare
professional with appropriate expertise in
rehabiltation and MS".

Brief reference to assessment and OM: “A range of
tools can assist in the assessment and setting of
goals”; no specific recommendations on measures.
or timing.

Screen for impairment, activity limitations,
participation restrictions, and environmental factors.
to direct treatment on admission and on transfer
from hospital to community.

‘Standardized valid and reliable screening
instruments should be used by HCPs who have
appropriate skils and training. Wrist and hand
spints should be assessed and fitted by trained
HCPs. In research, the primary outcome measure
should be improvement in function, with secondary
outcomes assessing impairment, function, and
quality of ife.

Only reference to rehabitation is passive movernent
to maintain joint range with no reference to
assessment.

Early assessment and planning of discharge and
comprehensive assessment of medical problems,
impairments and disabilties by specialist staff is
needed.

No recommendations for OM.

Recommends mult-disciplinary medical
assessment in acute stroke or transient ischemic
attack (TIA). No reference to UE assessment
Assessment of patient's needs to set goals and
re-assess progress against goals. No reference to
UE assessment

Use of valid and standardized measures including
assessment of sensorimotor function, cognition,
speech, and ADL in predefined time points.
Reference to assessment in acute care and of those
‘who want to return to work.

Recommended measures

None

Computerized questionnaire: “Activity Measure for
Post-Acute Care"; dynamometer (grip strength) (39);
electro-goniometer (range of motion) (40) and Frey
flaments (tactile sensory deficts) (41). Fugl-Meyer (42)
and Box and Block Test (43)

None

Motricity Index (44); Fugl-Meyer (FMA UE) (42) Frenchay
Arm Test [FAT]) (45), Action Research Arm Test (ARAT)
(46) and Nine Hole Peg Test (NHPT) (43). MAS (47);
Nottingham Extended ADL (48); Global measures:
SSQoL (49); Barthel Indeex (50), NIHSS (51)

None

GOPM (52), FIM/FAM (53), Barthel Index (50).

NIHSS (51); Barthel Index (50)

None

None

None recommended

None

None

NIHSS (51), FIM (53), Barthel Index (50), Modified

Ashworth Scale (58); Berg Balance Test (59)

None
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Features Impaired side

To
Tk
Tr

(Mean  SEM)

9.614 + 1.492
1.686 + 0.281
0.757 £0.129

Non-impaired
(Mean  SEM)

30.660 + 3.566
2.524 £ 0.438
0.441 £ 0.039

Impaired-Non-
impaired
(P-value)

<0.001
0.037
0.029

FDR
corrected
(q-value)

<0.001
0.037
0044





OPS/images/fneur-10-00465/fneur-10-00465-t003.jpg
Variables

To
T
Tr

MAS p_60 si_60 tp_40

~0.503 (0.067) 0200 (0.474) 0270 (0.350) 0257 (0.375)

0084 (0.776) 0503 (0.047) 0.653" (0.011) 0.424 0.131)
0.000 (1) ~0.152 (0.604) 0037 (0.899) ~0.148 (0.615)

sti_40

0.165 0.673)
—0.147 (0615)
—0.099 (0.736)

tp_20

0257 (0.375)
0516 (0.059)
-0.183 (0.582)

“tp_60, tp_40, and tp_20 individually represent the peak torque from passive stretch of three velocity 60°/s, 40°/s, 20°/s. sti_60,sti_40 and sti_20 are similar.

sti_20

0.196 0.503)
0.196 (0.509)
0.258 (0.374)
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Feature* First measurement Second measurement

alp
hTp
aTk
h_Ty
aT
hT

(mean  SEM)

9202 + 1.438
30.443 £ 3.578
1.652 + 0.30
2.271 £ 0.373
0.885 £ 0.175
0.440 + 0.039

(mean £ SEM)

8.471 £ 1.321
28.709 + 3.632
1.675 + 0.263
2171 £0.344
0.639 £ 0.125
0.394 +0.014

1CC (95% Cl)

0.962 (0.881-0.988)
0.988 (0.988-0.999)
0.815 (0.425-0.941)
0975 (0.922-0.992)
0.893 (0.666-0.966)
0.653 (~0.081 to 0.889)

“a_Tp indicates the peak torque from the impaired side, h_Tp indicates the peak torque
from the non-impaired side, others are similar.
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MAS scores No. subjects. Impaired side Agelyears)

h§ 5 4RML 49.6 £ 9.7
1+ 5 2R/2L 453 £3.1
2 4 3R2L 455 + 4.9

*Age wes shown in Mean  SD, and the MAS as range, impaired side (Right or Left) and
gender (Male or Female) as distribution.
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Strategies to counteract post-exercise hypotension should be practiced in the early phases post-stroke in the setting of compromised CA. While the lasting effects
of post-exercise hypotension (PEH) are not known, these precautions are not likely to significantly alter benefit, be a burden to the patient, or increase risk.
It should be emphasized that people who experience post-exercise symptoms or syncope should be investigated for other serious pathologies inclucing arhythmas,
carotid disease, cerebral vasospasm or other issues.
Pre-exercise precautions
« Avoid exercise in the early morning as CA is more likely to be impaired (62, 63).
* Avoid exercise in the hot and/or humid weather. Exercise performed with additional heat stress may worsen the degree of orthostatic intolerance and extend
the deficit in GA even after retur to resting body temperature in healthy individuals (54).
« Ensure adequate hydration prior to and during exercise and replace fluids post-exercise (64).
« Avoid a large carbohydrate meal and allow at least 2h post-meal before intiating exercise to reduce postprandial splanchnic hyperemia and subsequent
hypotension.
« When designing an exercise and risk factor modiffication program, the education component should be delivered prior to exercise, so as to avoid static upright
postures (e.g., prolonged sitting) post-exercise.
Exercise precautions
« In at least the acute phase post-stroke, light intensity exercise is recommended while avoiding high intensity exercise owing to increased risk of PEH. This is
especially important in those who have experienced symptoms post-exercise and those with resting hypertension or borderline hypertension
o Symptoms of PEH can include dizziness, nausea, faintness, visual disturbances, hearing disturbances, and fatigue
o Shorter exercise protocols have been shown to elicit less of a PEH response than longer protocols. Therefore, exercise intervals of 5-10min each, alternating
with active recovery periods should be prescribed. Active recovery includes seated/standing activity that engages the skeletal muscle pump.
 In some cases, support stockings/socks may be of benefit (65, 66).
Post-exercise precautions
« The cool-down period should not be neglected and should be a formal component of the exercise prescription.
© The cool down period should include =5 min of a gradual ramping down to very low intensity activity. A rapid decrease in blood pressure post-exercise
results in less effective dynamic CA especially in the first 10min of recovery post-exercise (7).
o People with resting hypertension or borderline hypertension should include a 10-min cool down period as PEH is greater in magnitude and can last longer
and may be further exacerbated when ambient temperatures and humidity exists.
© On the stationary cycle, gradually reducing cycling resistance should be the primary way to reduce workload in the cool-down period while maintaining
pedaling cadence to allow more frequent muscle pump activity.
o Repeated rhythmic % squats or heel raises should be performed for at least 10 min and up to 30 min following cessation of exercise. This should be sufficient
to move blood toward the heart.
o After cool-down, lower limb movement should be periodiically undertaken for at least 10 min following cessation of exercise to engage the mechanical
muscle pump and reverse the shift of blood volume as this has been shown to reduce occurrence of PEH in healthy individuals (65).
o Engage the muscle pump by doing ~10-15s (3-4 repetitions) of hythmic % squats or heel raises (with support f required) alternating with 605 of rest
for at least the first 10min post-exercise (~25 in total). These should then be repeated 2 more times (every 10 min for a further 20min).
o Strategies for those with severe hemiparesis and/or poor lower extremity motor control is to perform passive lower limb movement (68) or perform
side-to-side or forward and backward stepping (support by non-affected upper extremity). Affected-side ankle movements on a BOSU ball or other
activities such as seated heel raises can also be performed.
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This section provides blood pressure guidelines prior to early aerobic exercise (specifically hyper-acute and acute). A st of safe indications to consider are provided
here:

o Consider either very light activity (following precautions in guidelines 3.0-6.0) or delaying aerobic exercise if resting systolic blood pressure is <120 mmHg, or
higher than 170 mmHg.
Consider either very light activity (following precautions in guidelines 3.0-6.0) or delaying aerobic exercise if resting diastolic blood pressure is <80 mmHg, or
higher than 105 mmHg
Aserles of 4-10 resting blood pressures performed over the course of 1-3 days should be stable. The day to day variation in SBP should be <30%.
Patients that are elderly, have diabetes/hyperglycemia, and/or persistent hypertension should be considered higher risk stroke subgroups thus it is advisable
to delay moderate to higher intensity exercise post-stroke (see Figure 1).

» Consider delaying higher intensity exercise for people with blood glucose level of >160 mg/dL (=9 mmol/L) measured within the first 48 h of stroke.

« There should be no evidence of dehydration prior to initiating activity. Warm environmental temperatures should be avoided and replacement of fluids

recommended.

» Caution is warranted for those patients with the following conditions: anemia, early neurological deterioration, chest infection, and pulmonary

emboli (110-115).

.

Patients should be screened on a case-by-case basis.
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The goal following stroke is to initiate an exercise program as soon as the patient is clinically stable. Exercise should be prescribed with caution when initiated
within 2 weeks post-stroke given that almost 2 out of every 10 patients experience an early serious cardiac acverse event. Adverse event occurrence peaks
between day 2 and 3 post-stroke, with deaths from neurological and cardiac issues peaking during the second week.

A patient is considered safe to initiate exercise if they satisfy the following criteria:

« No symptoms of coronary artery disease such as chest pain or shortness of breath in the past 24h,

« No changes or normalization of the ECG in the past 12h.

« No current significant ECG abnormaliies such as frequent ventricular premature beats (>3 in 10), or QT prolongation.

« No new signs of uncompensated heart failure in the previous 7 days.

« Troponin levels are normal within 3 days of stroke, or are normal 3-7 days following detestion of elevated troponin levels.

 In patients with atrial fibrilation, systolic dysfunction, or other issues that reduce cardiac output, light intensity exercise should be maintained until these issues
have resolved or until expected recovery of CA. Precautions for avoiding hypotensive episodes (orthostatic hypotension, prolonged standing, and
post-exercise hypotension), should be followed during very early and early mobilization (see guidelines 3-6).

Cardiac-specifi troponin measures and ECG monitoring are standard of care post-stroke at most institutions. Thus, the results should be reviewed prior to initiating exercise/mobilization
following SAH, ischemic, and ICH stroke types especially in the hyper-acute and acute phases. ECG monitoring of people with insular strokes may be prudent. Delaying exercise in
patients with elevated troponin with no evidence of CAD is recommended given the micro damage and associated ECG abnormalities and wall motion abnormalities.
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OH is common post-stroke. There is an opportunity to use this clinical indication to guide exercise and early mobilization. While there is some evidence that repeated
episodes of standing may improve orthostatic tolerance over time in some populations (54), until there is further research specific to stroke, precautions to prevent
OH should be taken until at least after the expected recovery of CA when the brain is better protected from hypotensive episodes.
Inview of the high prevalence of OH in the early phases of stroke that may be asymptomatic and result in reduced CBF, the following precautions and strategies
are suggested:
« Factors Predisposing People to OH Requiring Careful Monitoring
o Patients who experienced any of the following 12 symptoms of orthostatic intolerance pre-stroke (symptoms would present within 3min of standing and
resolve when sitting or lying down): dizziness, lightheadedness, fatigue, blackouts, nausea, instabilty, finging in the ears, vertigo, headache, syncope,
confusion, and sweating.
o People with tightly controlled blood pressure (e.g., SBP below 120 mmHg and/or DBP below 80 mmHg in ischemic stroke) (55). Refer to Guideline 1.0
for lower blood pressure limits prior to commencing early mobilization/exercise prescription.
o People with diabetes, dehydration (blood electrolytes, urea nitrogen, and creatinine), anemia (hemoglobin and hematocrit levels), hemicraniectomy, and
intracranial atherosclerotic stenosis.
o Medications such as beta-adrenergic blockers, renin-angiotensin system antagonists, diuretics, antidepressants, or sedatives, which can cause or
aggravate OH (56).

Avoid exercise after large meals (57).

I those with signs and/or symptoms of OH, schedule exercise or mobilization for those prescribed beta blockade medication at a time of day when the

medication is less effective unless the risk of high blood pressure outweighs risk of hypotensive episode.

Minimize posture change or institute an incremental change in backrest tilt posture from 30-60 to 70 degrees (>10 min for each increment) concomitant with

lower limb movement (active or passive) to activate the muscle pump, when possible (58).

Timing of Assessment for OH: Measure changes in blood pressure and heart rate and monitor symptorns when moving from supine (10 min supine) to standing

(after 1 and 3min) at the same time of day as the mobilization or exercise session will be performed (59).

 Until further research has been conducted, we suggest the following OH thresholds based on resting blood pressure (systolic/diastolic; SBP/DBP) values:

o *SBP < 128 and/or DBP < 82: A sustained reduction in either SBP or DBP of at least 15 or 7 mmHg, respectively, after 3min of standing or after a
head-up tilt of at least 60 degrees with or without OH symptoms (60).

o SBP 128-158 mmHg and/or DBP 82-102 mmHg: A sustained reduction in either SBP or DBP of at least 20 mmHg or 10 mmHg, respectively, after 3 min
of standing or after a head-up tit to at least 60 degrees with or without OH symptoms.

© SBP > 158 mmHg and/or DBP > 102 mmHg: A sustained reduction in SBP and/or DBP of at least 30 or 10 mmHg, respectively, after 3 min of standing
or after a head-up tilt to at least 60 degrees with or without OH symptoms.

« Using an ambulatory biood pressure monitoring device, measure blood pressure for the first 2-3 training/mobilization sessions. Monitor from supine through to
90 min post-exercise. Repeat monitoring when there is a change in exercise modality or change in medication (isted above) in those with suspected OH (i.e.,
measured or in people with symptoms of orthostatic intolerance listed above).

« Precautions should continue to be practiced throughout care in those with signs andor symptoms of OH as it is likely to continue into chronic stroke
especially in those with coexisting diabetes.

.

.

*This conservative recommendation is based on data demonstrating subclinical OH is associated with increased risk of dementia (60), most people post-stroke are asymptomatic during
OH (61) and people post-ischemic stroke with SBP < 127 mmHg and/or DBP of <82 mmHg are more susceptible to OH (55).
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« Avoid prolonged (> 5 min) stationary standing, especially after prolonged sitting.
o ltis possible that even shorter periods of prolonged stationary standing may be detrimental.
o In a situation that necessitates prolonged standing, recommendations are to engage the muscle pump by doing ~10-15s (4-5 repetitions) of rhythmic
heel raises or squats (with support if required) alterating with 60 rest.
 Early mobilization strategies for those with significant hemiparesis and/or poor lower extremity motor control is to do the following:
o Replace placid standing with side-to-side or forward and backward stepping (support by non-affected upper extremity) that would force at least passive
movement of the ankle joint.
o Perform passive or active ankle movements on a BOSU ball with affected leg in standing with support by non-affected upper and lower extremity.
Activate the non-affected limb by also performing heel raises.
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Domain

Impairment

Impairment (Sensation
and Pain)

Activity (UL)

Activity (Global)

Participation and QoL

‘Outcome measures

Fugl-Mayer Assessment (FMA)
Modified Ashworth Scale (MAS)

Muscle power (Myotome chart and Oxford
grading)

Passive Range of motion
Electro-goniometer (range of motion)

Grip strength (e.g. Jamer dynamomneter)
Co-ordination and selective muscle activity
Grasp and release test

Box and Block test (BBT)
Nine-hole-peg-test (OHPT)

Motricity Indiex (M)

Visual Analog Scale (VAS)

Light touch

von-Frey fiaments.
Proprioception

Wolf Motor Function Test (WMFT)

Assessment of Motor Processes and Skills
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Am Activity Measure

Action Research Arm Test (ARAT)
Chedoke McMaster

Computerized questionnaire

Frenchay Am test (FAT)

National Institute of Health Stroke Scale
(NIHSS)

Canadian Ocoupational Performance
Measure (COPM)

Goal Attainment Scale (GAS)
Functional Independence Measure (FIM)

Multiple Sclerosis Functional Gomposite
(MSFO)

Motor Activity Log (MAL)

Berg Balance Scale (BBS)

Barthel Index (B)

Personal Actiities of Daly Living (PADL)
Nottingham Extended ADL

Stroke Specific Quality of Life Scale
(SSQol)
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Phase of stroke Elapsed time from stroke onset

Hyper-acute 0-24h

Acute 1-7 days

Early subacute 7 days—3 months,
Late subacute  3-6 months
Chronic >6 months

Time frames have been adapted from Bernhardt et al. (3).

Early Phases of Stroke
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Record

Wechesler et al. (23) (Stroke)

Intitut National d’excellence en sante et en

sociaux—(TBl)

ATAXIA UK. Ataxia UK (24) (Non-specific
pathology)

Wolf et al. (67) (Stroke)

Hebert et al. Canadian stroke best
practice recommendations (&7) (Stroke)

Meajersik et al. (25) (Stroke)

Haselkorn (68) (Stroke)
College of Occupational Therapists and
Association Of Chartered Physiotherapists
in Neurology. (15). (Splinting. Non-specific
pathology)

Potter et al. (71). (MS)

Billinger et al. (72). (Stroke)

Finlay and Evans (metastatic spinal cord
compression). (21) (SC)

Ontaneda et al. (MS) (73). (MS)

Canadian EBRSR (http://www.ebrsr.com)
(18) (Stroke)

Miller et al. (34). (Stroke)

Hachinski et al. (35). (Stroke)

VA/DOD The Management of Stroke
Rehabiltation (22) (Stroke)

Alexander et al. (78) (SCI):

Gall et al. (63) (SC).

Steeves et al. (80). (SCI)

Bayley et al., ABIKUS (36) (TB).

Year

2017

2017

2016

2015
2015

2015

2015
2015

2014

2014
2014

2012

2012

2010

2010

2010

2009

2008

2007

2007

Summary of recommendations

Improve quality monitoring and outcomes and
consider sharing patient data. NIHSS score done
remotely during transit to hospital (64)

Guidance on global assessment and rehabilitation
interventions including motor control. No specific
reference to, or recommendation for UE assessment
No reference to UE specifically. Measure patient
.engagement and satisfaction with the performance of
an activity,

No recommendations for assessment

Assessment within 48 h including: function, safety,
physical readiness, and abilty to learn and participate
in rehabilitation. No specific reference to UE

Studies exploring geneic factors should also measure
stroke outcomes. Medical and global outcomes,
impairment and activity early post stroke, at 3 months
and ideally at 6 and 12-months’ post stroke.
Document access to and amount of therapy

No speciic recommendations

Use valid and reliable measures across the ICF
framework. Global measures are unlikely to be
sensitive to changes, but should be included; choice
and timing of OM is important. Recommendations for
future research include use, choice and timing of OM
Important to consider measures that can be used in
different settings (hospital vs. home) to track patients.
over a long period

No specific OM for UL

Pain, motor and sensory dysfunction assessment
should be carried out within 24-48 h of admission and
prior to discharge. Pain should be re-assessed at least
daily. Only when the MSCC is deemed stable or more
active rehab is permitted can the full assessment be
completed. A wide range of measures can be obtained
through: hitp://wwwrehabmeasures.org/default aspx

A universally accepted measurement instrument that is
precise, reliable, easy to administer, captures key
neurological domains affected by MS, is sensitive at all
levels of disabilty and accurately reflects neurological
and neuropsychological disabilty is stilllacking.
Agresing on single clinical measure that is useful at all
stages of the disease is challenging

Use of the ICF Framework; reference to relabilty,
valiclity, appropriateness and responsiveness (floor and
ceiling effects), precision, interpretabilty, acceptabilty,
feasibility. Does not address UE assessments per se,
but includes a number of UE focussed impairment and
activity measures, which are scored in each category.
Provides information for selection of most appropriate
measure.

Hypertonicity should be assessed, but no
recommended tools. The MAS has poor validity and
inter-rater reliability. Other measures have not been
shown to be feasible clinically.

Acknowledges importance of trained assessors.
Recommends ADL Assessment post-discharge from
rehabilitation

Tools should be agreed by the MDT and be valid and
reliable.

No reference to UE

Calls for consensus on, then implementation of,
standardized clinical and surrogate assessments. No
reference to UL

Tools for measuring the biology of stroke recovery are
needed to inform optimal timing, intensity, duration,
and content of therapy.

The best standardized measures of behavior and
outcomes after stroke need to be defined and used in
clinical practice. Standardized rater training needs to
be developed. Surrogate markers of treatment effect
could also be used as predictive tools for outcome and
thus be of value for entry criteria in clinical trals or in
evaluating treatment outcomes and guide clinical
decision-making.

No specific reference to UL assessment.

NIHSS performed by trained, certified assessors within
the first 24 h, and consider re-assessing prior to
discharge from acute care.

Motor funtion assessed at impairment and activity
levels using assessments with established
psychometric properties.

A standardized assessment tool should be used to
assess ADL/IADL

AMDT assessment should be undertaken to estabiish
the patient's rehabilitation needs and goals.

Evaluation of UE impairment is important, but generic
tests of hand function are ill-suited for use with
persons with SCI, with the exception of the Grasp and
Release test - developed to assess the effect of a
neuroprosthesis.

No reference to upper limb assessment, except for
brief general mention of spasticity, joint range of
movement, and pain assessment

Recommends assessment of UE function, including
sensation in clinical trials and acknowledges lack of
agreement and absence of SCI specific tests for SCI
and lack of sensitivity in current measures. Discusses a
range of tools without giving specific recommendations
Recommendations based on a systematic review.
Recommends assessment of spasticity and motor
function by trained professionals

Recommended measures

NIHSS score (51)

None

Assessment of Motor and Process Skils (AMPS) (65),
Goal Attainment Scale (GAS) (66), Canadian
Occupational Performance Measure (COPM) (52),
self-efficacy tools and quality of lfe measures.

None

None

No specific upper limb measures.
NIHSS (51), GAS (66), FIM (53)

None

Arm activity measure (69)
Visual analog scale (70); ARAT (46)

No specific recommendations

None

Light touch sensation; Sharp/blunt or pin prick
sensation; Joint proprioception; Muscle power (myotome
chart and Oxford classification); Muscle tone: flaccidity or
spasticity (MAS) (58); Joint ROM (active/passive) and
muscle length; Personal activties of Daily Living (PADL):
Activities of Daily Living (ADL):

Multple Sclerosis Functional Composite (MSFO)
approach.

Recommends the development of a database focused
on MSFC and follow-up projects aimed at developing
patient-reported outcomes, imaging markers, and
biological markers of the MS disease process.

Impairment: FMA (69), and MAS (47, 74)

Activity: ARAT (46), B&B (43), Chedoke-McMaster (75),
FIM (53), SHPT (43, 76), WMFT (77)

Participation: COPM (52)

15 Upper Limb Motor assessments are listed as
“commonly used"

None

Functional Independence Measure (FIM) (53). NIHSS (51)

Motor function: muscle strength for all muscle groups,
active and passive range of motion, muscle tone, abiiity
toisolate the movernents of one joint from another, gross
and fine motor co-ordination.

The daily use of the paretic extremity should be
assessed using a self-report measure (e.g., the Motor
Activity Log) (47) and accelerometery.

Grasp and release test (79)

None

Accurate sensitive and functional measures

None





