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Editorial on the Research Topic
 New Advances in Neurorehabilitation



The face of neurorehabilitation has progressively changed in recent years. Traditional neurorehabilitation procedures may have limited efficacy in most patients with common neurological diseases, such as stroke, Parkinson's disease, spinal cord injury, severe brain injury, spasticity, and cognitive disorders. New technologies have been reported to enhance the effectiveness of rehabilitation strategies in these conditions. They include robotic-assisted training, virtual reality, functional electrostimulation, non-invasive brain stimulation (NIBS) to enhance the intensity and quality of neurorehabilitation, and to manipulate brain excitability and plasticity, as well as innovative approaches such as assistive technology and domotics.

The exploration of the effects of neurorehabilitation technologies and NIBS on plasticity through the use of advanced technologies (i.e., functional MRI, near infrared spectroscopy, high-density EEG, etc.) may represent a surrogate outcome measure in the near future. On the other hand, translational and back-translational models are important to offer robust neurobiological grounds to current rehabilitative approaches to neurological disorders.

The correlation between central nervous system lesions to clinical features and outcomes represents the basis for personalized medicine in neurorehabilitation, a promising perspective to explain the different individual response to the treatment, and to improve the quality of care. The definition of new approaches to the acute and chronic phase of neurological diseases and the most appropriate timing play a key role to optimize neurorehabilitation interventions. Moreover, new randomized controlled trial designs aimed to explore the role of combined drug and physiotherapy treatment are emerging.

Finally, despite for many years evidence-based medicine was, to some extent, far from the field of neurorehabilitation, the interest for systematic reviews, meta-analyses, and consensus conferences is increasing.

The Research Topic “New Advances in Neurorehabilitation” included 20 high-quality manuscripts that offer an interesting scenario on these technological and methodological advances, as well as new features and approaches to neurorehabilitation.

Motor outcome after stroke is traditionally one of the main topics in neurorehabilitation (1), because of the high prevalence of chronic stroke.

Schulz et al. explored whether prefrontal-premotor connections are related to residual motor function in 30 well-recovered chronic stroke patients and 26 controls. The Authors reconstructed direct fiber tracts from dorsolateral and ventrolateral prefrontal cortex to dorsal and ventral premotor cortex, supplementary motor area and the primary motor cortex. Prefrontal-premotor tracts were traceable in both groups. In gross anatomic topography, stroke patients presented only marginal microstructural alterations of these tracts, predominantly of the affected hemisphere. However, there was no significant association between tract-related microstructure of prefrontal-premotor connections and residual motor function after stroke.

Chen et al. studied functional cortico-muscular coupling to evaluate motor function in a pilot study on 8 stroke patients and 8 controls. They quantified the functional connection between electroencephalogram and electromyogram from a hand muscle during steady-state grip task and documented that the multiscale and directional characteristics of cortico-muscular coupling may be disrupted in stroke.

van Duijnhoven et al. tested whether a 5-week perturbation-based balance training program on a movable platform may improve reactive step quality in chronic stroke in a proof-of-concept open study on 20 patients. Despite the absence of a control group, patients ameliorated after the treatment, and improvement was retained after 6 weeks.

Ye et al. assessed the effects of oropharyngeal muscle exercises in a randomized controlled trial (RCT) including 50 stroke patients with moderate obstructive sleep apnea syndrome, of whom 25 were allocated to the active group and 25 to the control group who underwent sham therapy of deep breathing. The obstruction severity measures by polysomnography, patient reported outcome, and anatomic structural remodeling of the pharyngeal airways improved after 6 weeks of active treatment.

Recovery after spinal cord injury (SCI) is one of the hot topics in neurorehabilitation research, because of the young age and the severe impairment in many patients (2).

Zeng et al. explored the role of sorting nexin 27 (SNX27), an endosome-associated cargo adaptor that was found to be involved in many neurological diseases, in a mouse model of SCI. The results of the study suggested down-regulation of SNX27 to be a potential therapy targeting acute neuronal death and chronic neuroinflammation, and promoting nerve repair after SCI.

Schneider et al. studied the reliability of wearable sensor-derived measures of physical activity in 63 wheelchair-dependent SCI patients of different age ranges and level/severity of injury. Activity counts showed consistent high single-day reliability, while measures considerably varied depending, with decreased movement quantity and increased movement quality with rehabilitation progress. The results of the study may be helpful for sensor-based assessments of physical activity in clinical SCI studies.

van Dijsseldonk et al. tested a treadmill task in a virtual environment to improve gait and dynamic balance capacity in 15 incomplete SCI patients in an uncontrolled study. Walking speed, stride length, anterior-posterior gait stability and balance confidence improved, while stability measures in medial-lateral direction was unchanged in the 10 patients who completed the study.

Neurorehabilitation plays a key role in multiple sclerosis (MS) patients, who may complain of motor, sensory, cognitive impairment, and pharmaco-resistant pain (3).

van Beek et al. presented the study protocol for a RCT to investigate the effectiveness of a challenging tablet app-based home-based training intervention to improve dexterity in MS patients. They hypothesized that the program will improve dexterity in the short- and long-term, and that the improved finger and hand functions may generalize to improved activities of daily living and quality of life.

Patients with Parkinson's disease (PD) complain of a wide range of motor and non-motor symptoms, and neurorehabilitation procedures are frequently used together with pharmacological treatment in these patients (4).

Berra et al. reviewed data on body weight support combined with treadmill on PD gait and reported data from an RCT on 36 PD patients. Both active and control groups experienced significant improvement in motor and gait outcomes, but the intragroup analysis documented improvement of cadence and stride duration in the active group and of the swing/stance ratio in the control group. Four patients with chronic pain or anxious symptoms did not tolerate body weight support, which may be an option in case of severe postural instability, balance disorder, and orthostatic hypotension.

Rehabilitation of neuropsychological deficits is an emerging field of research and some papers of the Research Topic dealt with cognitive disorders (5).

Zucchella et al. reviewed, with a narrative approach, current evidence on non-pharmacological treatment (NPT) in the treatment of Alzheimer's disease (AD) and dementia. They concluded that, although NPT is often applied in the multidisciplinary approach to AD and dementia, supporting evidence is still preliminary, and suggested well-designed RCTs with innovative designs, and further studies to offer robust neurobiological grounds for NPT, and to examine the cost-efficacy profile.

Pazzaglia and Galli presented a rehabilitative perspective focusing on the possibility of action observation as a therapeutic treatment for patients with apraxia. They also outlined impacts on neurorehabilitation and brain repair following the reinforcement of the perceptual-motor coupling. This perspective might play a role for future interventions based primarily on action observation in patients with apraxia.

Jang and Seo reported a mini-review on diffusion tensor tractography studies on mechanisms of recovery after injury of the anterior cingulum, a major structure in the limbic system, which is involved in various cognitive functions, including memory, attention, learning, motivation, emotion, and pain perception. Despite most of the reviewed studies were case reports, they indicated that diffusion tensor tractography might be useful for the neurorehabilitation of patients with anterior cingulum injury.

Fabbri et al. presented a study protocol for an RCT exploring the effect of a multi-dimensional tele-rehabilitation program through a user-friendly web application in patients with mild cognitive impairment and vascular cognitive impairment. The proposed tele-rehabilitation program includes cognitive, physical, and caregiver-supported social activities to promote and preserve an active lifestyle and counteract cognitive decline.

Pain has been recognized as a common problem in patients undergoing neurorehabilitation (6), but its impact on rehabilitative procedures and the best treatment practices have been largely not explored (7).

Castelnuovo et al. reviewed the role of the placebo effect for pain relief in neurorehabilitation as part of the recommendations of the Italian Consensus Conference on Pain in Neurorehabilitation (8, 9). The Authors found that placebo treatments showed weak effects in central neuropathic pain, moderate effects in postherpetic neuralgia, diabetic peripheral neuropathy, pain associated to HIV, pain due to fibromyalgia and migraine and weak short-term effects in complex regional pain syndrome. They recommended knowledge of placebo mechanisms to shape the doctor-patient relationship, to reduce the use of analgesic drugs and to train the patient to become an active agent of the therapy.

Falsiroli Maistrello et al. reported a systematic review and meta-analysis of RCTs to establish the effectiveness of manual trigger points treatment compared to minimal active or no active interventions in adults with primary headaches. Based on 7 RCTs, they concluded that manual trigger points treatment of head and neck muscles may reduce frequency, intensity, and duration of attacks in tension-type headache and migraine, but the quality of evidence was very low for the presence of few studies, high risk of bias, and imprecision of the results.

Patients with lesions of the peripheral nervous system frequently undergo neurorehabilitation and, among them, those with brachial plexus lesions are those with the most severe impairment.

Ramalho et al. explored bilateral sensory function in 17 patients with unilateral brachial plexus lesions. The Authors found reduced touch threshold not only in the limb with brachial plexus injury, but also in the contralateral upper limb, where no nerve damage was documented. They interpreted these findings as related to a superordinate model of representational plasticity occurring bilaterally in the brain after a unilateral peripheral injury.

The recent literature suggested that, by combining traditional rehabilitation techniques with new technological approaches, e.g., neuromodulation, biofeedback recordings, novel robotic and wearable assistive devices, the amount of recovery might improve in comparison to traditional treatments (10). Some contributions of the Research Topic dealt with robotic rehabilitation in upper-limb stroke and MS patients.

Takebayashi et al. presented the protocol for a multi-center parallel group prospective, randomized, open-label, blinded endpoint trial on 120 chronic stroke patients with upper-limb motor impairment. Patients will be randomly allocated to three different rehabilitation protocols, namely robotic therapy, standard rehabilitation combined with self-training, or robotic therapy combined with constraint-induced movement therapy.

Wu et al. reported an admittance-based patient-active control scheme for real-time intention-driven control of a powered upper limb exoskeleton, detailing the major mechanical structure, the real-time control system of the robot, the dynamic characteristics of the human-exoskeleton system, and an integrated audiovisual game-like interface. They also reported data from an experimental investigation on 3 healthy subjects and 8 stroke patients to validate the feasibility of the proposed scheme for patient-active rehabilitation training.

Buchwald et al. explored the extent to which robotic arm rehabilitation for chronic stroke may promote recovery of speech and language function in 17 individuals with hemiparesis and aphasia, by pairing intensive robot assisted therapy with sham or active transcranial direct current stimulation (tDCS). The authors found that subjects significantly improved on measures of motor speech production after robot therapy, but active tDCS was not associated with greater gains than sham tDCS, suggesting further investigation into the role of tDCS in the relationship of limb and speech/language rehabilitation.

Gandolfi et al. compared the effect of high-intensity robot-assisted hand training to standard rehabilitation on upper limb recovery and muscle activity in 44 MS patients in a single-blinded RCT. The Authors found no significant between-group differences in primary and secondary outcomes, however, robot-assisted training demonstrated remarkable effects on upper limb use and muscle activity.

Because of the growing interest in neurorehabilitation, documented by the large number of manuscripts submitted to the Research Topic, Frontiers in Neurology opened a new Neurorehabilitation section, to which all researchers interested to the topic may contribute.
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Background: A variety of interventions has been proposed for symptomatology relief in primary headaches. Among these, manual trigger points (TrPs) treatment gains popularity, but its effects have not been investigated yet.

Objective: The aim was to establish the effectiveness of manual TrP compared to minimal active or no active interventions in terms of frequency, intensity, and duration of attacks in adult people with primary headaches.

Methods: We searched MEDLINE, COCHRANE, Web Of Science, and PEDro databases up to November 2017 for randomized controlled trials (RCTs). Two independent reviewers appraised the risk-of-bias (RoB) and the grading of recommendations, assessment, development, and evaluation (GRADE) to evaluate the overall quality of evidence.

Results: Seven RCTs that compared manual treatment vs minimal active intervention were included: 5 focused on tension-type headache (TTH) and 2 on Migraine (MH); 3 out of 7 RCTs had high RoB. Combined TTH and MH results show statistically significant reduction for all outcomes after treatment compared to controls, but the level of evidence was very low. Subgroup analysis showed a statistically significant reduction in attack frequency (no. of attacks per month) after treatment in TTH (MD −3.50; 95% CI from −4.91 to −2.09; 4 RCTs) and in MH (MD −1.92; 95% CI from −3.03 to −0.80; 2 RCTs). Pain intensity (0–100 scale) was reduced in TTH (MD −12.83; 95% CI from −19.49 to −6.17; 4 RCTs) and in MH (MD −13.60; 95% CI from −19.54 to −7.66; 2RCTs). Duration of attacks (hours) was reduced in TTH (MD −0.51; 95% CI from −0.97 to −0.04; 2 RCTs) and in MH (MD −10.68; 95% CI from −14.41 to −6.95; 1 RCT).

Conclusion: Manual TrPs treatment of head and neck muscles may reduce frequency, intensity, and duration of attacks in TTH and MH, but the quality of evidence according to GRADE approach was very low for the presence of few studies, high RoB, and imprecision of results.

Keywords: migraine disorders, tension-type headache, cluster headache, trigger points, myofascial pain syndromes, physical therapy specialty


INTRODUCTION

Headaches are disabling disorders that decrease the health-related quality of life. The mean global annual prevalence of headaches in adults is around 46% (1), while in Europe the gender adjusted 1-year prevalence for any type of headache is 79% (2) with an estimated economic burden of €173 billion yearly among adults aged 18–65 years (3). As in other European countries, headaches in Italy are highly prevalent and associated with significant personal impact and important implications for health policy (4). Therapeutic management option is represented by pharmacological or non-pharmacological interventions (5). Pharmacological treatments are considered the main interventions even though the elevated frequency of attacks increases the risk of drugs’ abuse (6). Accordingly, the use of non-pharmacological treatments in the management of primary headaches has the aim of reducing the drugs’ consumption, their side effects, and the interaction with the other drugs used for comorbidities (7–9). The recommendation of the European Federation of Neurological Societies guideline indicates that the use of non-pharmacologic therapies, having less side effects than pharmacological therapies (10, 11) may constitute a valid therapeutic option for headaches sufferers, despite their limited scientific basis (12), and the lack of research on the effectiveness of physical therapy treatments.

Tension-type (TTH), migraine (MH), and cluster headache (CH) are considered the three most prevalent primary headaches according to the classification proposed by the International Headache Society (13) that established the clinical criteria useful in the discrimination of headache’s attacks. Hence, distinct and specific etiopathological models have been proposed for TTH (14, 15) and MH (16) despite this is a still disputed aspect. In fact, although the IHS classification has been recognized as the most important of the past years (17) some patients with headache may present with overlapping clinical features that makes it difficult to correctly classify them, especially in the case of TTH and MH (18). The concept of a continuum spectrum between these disorders has been proposed to overcome this taxonomic problem (19) and since, its validity has been debated in the past decades (20–22) as the clinical characteristics of patients in both TTH and MH groups come across with more similarities than differences. Patients may share demographic characteristics for specific age groups and respond positively to similar treatments (23); also most triggering factors (e.g., stress) are shared between MH and TTH (24, 25). Moreover, alterations like decreased gray matter in brain areas associated with pain transmission (anterior cingulate, insular cortices, and the dorsal rostral pons) are common in patients with TTH and MH (26, 27). In the so-called continuum model, MH and TTH represent different points on a single continuum of severity, with migraine falling at the more severe end of the symptom spectrum (28–30). Therefore, the different clinical headache expressions are considered the result of the different extent of sensitization occurring at the first- and second-order neurons of the trigeminal nucleus caudalis (TNC) induced by alterations of the trigeminal nerve (30).

Despite the neurophysiologic influence of trigger points (TrPs) on pain mechanisms seems attributable to their action as nociceptive sources (31, 32), the pathophysiology of TrPs on pain still needs to be elucidated (33, 34). Patients with chronic TTH and MH have a greater number of TrPs compared to healthy subjects (35–37); the higher number of TrPs correlates with the severity and the duration of TTH attacks (38), but not in MH attacks (36). Furthermore, even though the pain of MH is predominantly associated with the activation of the trigeminal-vascular system (16), TrPs can be seen as additional stimuli that may contribute to start a migraine attack (37, 39, 40) and the inhibition of TrPs by mean of anesthetic injections led to a decrease in the frequency and severity of migraine attacks (41). The same intervention also promoted the reduction of attacks’ frequency and intensity in a case series of patients with CH (42). However, it is unclear whether the TrPs may have a pathogenetic role (14) or constitute a precipitating factor of separate clinical conditions (15). In both cases, the TrPs are involved in the pathophysiology of primary headaches as a peripheral mechanism able to sensitize the TNC (43, 44). Whatever the influence of TrPs on the pathophysiology of TrPS will be, these findings suggest that the TrPs treatment could be useful to prevent or decrease the extent of primary headaches.

Myofascial TrPs treatment is usually pursued with invasive (dry or wet needling) or non-invasive techniques (manual treatment or low-level laser therapy) (32) that, according to the most accepted hypothesis (33), are thought to reduce the ischemia-related nociception activated by the contracture of a small portion of muscle and, consequently, the degree of sensitization of TNC. Among the manual treatment of TrPs several techniques have been proposed that act directly or indirectly on the TrPs. Techniques that are thought to reduce the muscle contraction with mechanical forces (compression, distraction) acting directly on the TrPs site or the surrounding tissues are ischemic compression (45), myofascial release (46), acupressure (47), and specific soft tissues mobilization techniques (48). Indirect techniques, such as muscle energy (49), positional release (50), and strain–counterstrain techniques (51) are thought to reduce muscle contraction for neurophysiological mechanisms regulating the muscle tone.

Several reviews have considered the efficacy of various interventions used in physiotherapy to treat primary headaches, including many manual therapies, multimodal and manipulative approaches, but the results were usually obtained grouping heterogeneous or combined treatment and considering primary headaches as separate entities (5, 9, 52–56). To our knowledge, the effectiveness of neither manual TrPs treatment in case of primary headaches has not been investigated yet nor it has been established considering patients with different primary headaches (MH, TTH) an homogeneous patient group, as proposed by the continuum severity model. The main purpose of this review was to establish the effectiveness of manual treatment of TrPs in reducing frequency, intensity, and duration of primary headaches. We will also investigate additional positive or negative effects of the manual treatment of TrPs and whether there is a manual technique or a treatment dosage to prefer.



METHODS

We conducted this systematic review following the preferred reporting items for systematic reviews and meta-analyses statement (57) and the Cochrane handbook for systematic reviews of interventions (58). The protocol of the review was registered in PROSPERO, an international prospective register of systematic reviews (registration code CRD42016046374) (59).


Eligibility Criteria


Types of Studies

Randomized controlled trials (RCTs) written in English, Italian, or Spanish.



Types of Participants

Participants included in the studies were adult subjects (age >18 years) with primary headaches (TTH, MH, CH) diagnosed using the International Classification of Headache Disorders criteria (13).



Types of Interventions

Any direct or indirect manual treatment targeting the TrPs, such as compression techniques, muscle energy techniques, myofascial techniques, acupressure, soft tissues techniques, or positional release techniques. Studies that proposed different approaches were considered only if the manual TrPs treatment was proposed as the only treatment in one of the intervention groups (60). Studies without manual TrPs treatment or referring to any pharmacological or injection treatment, spinal manipulation, and exercise without manual TrPs treatment were excluded.



Types of Comparators

Acceptable comparators were any type of minimal active intervention (placebo, sham treatment, routine medication, or wait list supported with routine medication) or no active intervention (wait list or no treatment).



Types of Outcomes

We considered as primary outcomes the variation of frequency of the attacks (number of attacks per month), the intensity of attacks [valuated with the 0–100 mm visual analog scale (VAS) or 0–10 numerical pain intensity scale—NPRS or similar scales], and duration of attacks (number of hours per attack). Secondarily, we also considered quality of life, medicine consumption, effects on TrPs, and any adverse event, such as dizziness, bruising, muscle stiffness, and post-treatment pain. Each outcome was considered in the period after the intervention (run-out period).




Search Strategy

The literature search was performed by two independent authors (FML and ZM) on MEDLINE, COCHRANE, Web Of Science, and PEDro databases, without the adoption of limits or filters. Relevant reviews were consulted for additional studies to consider. Last search was done on November 17, 2017. The full search strategy through all databases is reported in Appendix S1 in Supplementary Material.



Study Selection

Two independent authors (FML and ZM) screened the record by title and abstract applying the eligibility criteria. At the end of the screening process, full-text articles were retrieved and assessed for their eligibility in the qualitative and/or quantitative synthesis. Any disagreement was resolved by consensus, otherwise a third author (GT) made the final choice. The inter-reviewers agreement of the eligibility process before consensus was expressed using the Cohen’s kappa.



Data Collection

Two authors (FML and ZM) independently collected information from the included trials by an ad hoc extraction form. The extracted data were inserted into a pre-formatted table for studies’ characteristics, such as author, year, design, country, headache diagnosis, sample size calculation, number of participants recruited, drop-outs, intervention (treatment and control), duration, follow-up, outcomes, and measure unit. Disagreements between reviewers were resolved by consensus or if no agreement could be reached, a third author (GT) was consulted.



Risk of Bias (RoB) Assessment

The internal validity on the included studies was assessed with the Cochrane RoB tool (58). The following domains were appraised: selection bias (random sequence generation and allocation concealment), performance bias (blinding of participants and personnel), detection bias (blinding of outcome assessment), attrition bias (incomplete outcome data), and reporting bias (selective reporting) (58). Each domain could be classified as “high,” “low,” or “unclear” RoB if the study did not provide sufficient information to judge. Two reviewers (FML and ZM) independently assessed the above-mentioned domains of RoB. Any disagreement was resolved by consensus or if no consensus was obtained a third reviewer (GT) made the final choice. Strength of inter-raters agreement before consensus was expressed using the Cohen’s kappa.



Analysis and Synthesis of Results

We evaluated the treatment effects for dichotomized outcomes using the risk ratio (RR), and for continuous outcomes using the pooled mean difference (MD). The variance was expressed with 95% confidence intervals (95% CI). The outcome measures from the individual trials were combined through meta-analysis were possible using random-effects models described by DerSimonian and Laird (61) because a certain degree of heterogeneity of population and treatments would be expected among interventions of trials. If any planned outcome was not reported quantitatively, a comprehensive description was reported. Since similar scales with different ranges were used to measure the intensity of pain (e.g., VAS 0–10 and VAS 0–100), we linearly transformed each scale into a 0–100 scale (correcting the SDs accordingly) in order to directly compare the pain scales. This method proved to be suitable for being able to directly compare different pain scales (62).

For the meta-analyses, we entered the mean values and SDs measured after the intervention (run-out). If SDs were not reported, we calculated it from SEs. All frequencies of attacks were normalized in attacks per month (mean and SD).

The units of randomization and analysis in the included trials were the individual participants. When a trial presented multiple comparisons, in order to overcome a unit-of-analysis error we used a suggested method (63) that consisted in splitting the participants of the intervention (64) or the comparison groups (65) in two or more groups with smaller sample size, but equal means and SDs in order to avoid the loss of data that could have occurred when only a single pair of interventions is chosen or a treatment group (TG) is deleted.

We analyzed heterogeneity by means of the I2 statistic and the Chi2 test. A P-value of less than 0.1 indicated a statistically significant heterogeneity for the Chi2 test (66). The percentage of I2 represented the degree of heterogeneity: percentages of 25, 50, and 75% indicated a low, moderate, and high degree of heterogeneity, respectively (66). If a study did not provide usable summary measures for an outcome it was included in the review, but excluded from the meta-analysis, e.g., Lawler and Cameron (67). For included studies, the number of lost to follow-up in each group and reasons for attrition were recorded. For missing data, similarity of group was evaluated, then the corresponding authors of included studies were contacted (e.g., emailing or writing to corresponding author/s) and if no information were provided, we conducted analyses using only available data (i.e., we did not impute missing data) (63).

We pooled studies through a subgroup analysis according to the type of specific headache. Furthermore, sensitivity analyses for RoB assessment were planned in case of sufficient numbers of studies in each pairwise comparison.

The software used was Cochrane Review Manager Version 5.3 (68).



Level of Evidence

To evaluate the overall quality of evidence, we used the grading of recommendations assessment, development and evaluation approach (GRADE), for the main outcome based on the methodological quality of included trials (69). The highest quality rating is for evidence based on RCTs with a low RoB. However, it is possible for authors to downgrade this level of evidence to moderate, low, or even very low. The quality of evidence depends on the presence of five factors: study limitation (RoB), indirectness of evidence, unexplained heterogeneity or inconsistency of results, imprecision of results, and high probability of publication bias (70). For the RoB factor, the evidence was arbitrary downgraded by one level when two criteria were judged as high or unclear, and by two levels when more than two criteria displayed high or unclear risk. The software used was GRADEPro GDT (71).

Two authors (FML and ZM) independently assessed the quality of evidence and the RoB. In case of doubt, another reviewer (GT) was consulted for the final choice. Strength of inter-raters agreement before consensus was expressed using the Cohen’s kappa.




RESULTS


Study Selection

We identified 914 records through databases searching and 8 from additional references (52, 53, 72, 73). After removal of duplicates, a total of 390 records were selected for screening. We excluded 356 records after reading title and abstract. Of the 34 remaining articles assessed, only seven were considered eligible (Figure 1) (60, 64, 65, 67, 74–76). The inter-reviewer agreement regarding study eligibility was moderate with a kappa of 0.69.
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FIGURE 1 | Studies selection flow diagram.




General Study Characteristics

All studies were RCTs; five trials concerned TTH (60, 64, 65, 74, 75) and two MH (67, 76). No studies were found concerning CH (Table 1).


TABLE 1 | Characteristics of included studies.
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The pooled population was of 316 subjects (mean age 39.0 ± 11.6 years) with a significant majority of female subjects (251 F, P < 0.05). A mean of 45.1 (±9.2) patients were randomized in each trial. One RCT concerned chronic TTH (75, 77), one concerned episodic TTH (65), two considered both frequent-episodic TTH and chronic TTH (60, 64), one RCT concerned MH with and without Aura (67), and two RCTs concerned undefined/unclassified TTH (74) and MH (76).

The TTH subgroup consisted of 225 subjects (71% of the whole population; mean age 38.9 ± 9.8 years) with a significant majority of female subjects (188 F, P < 0.05). One hundred and twenty-six subjects had chronic TTH (60, 64, 74, 75, 77), 55 had frequent-episodic TTH (60, 64), and 47 had episodic TTH (65).

The MH subgroup consisted of 91 subjects (29% of the whole population; mean age 39.3 ± 13.5 years) with a not significant majority of female subjects (63 F, P = 0.41). Sixty subjects had MH without Aura (67, 76) and 31 had MH with Aura (67, 76).

Headaches were diagnosed using the International Classification of Headache Disorders criteria (13). In five trials (60, 64, 65, 74, 76), the diagnosis was done by a neurologist while in two trials the diagnosis was made either on the score of the Headache History Inventory (67) or by a general practitioner (75).

All the selected studies compared manual treatment versus minimal active treatment: placebo (64), sham massage (60, 65), routine medication supported with pharmacological prophilactic treatment (74), and wait list supported with routine medication (64, 67, 75, 76).



Treatment and Sessions

The duration of intervention and the number of treatments ranged from 5 sessions in 2 weeks to 24 sessions in 12 weeks with an average number of 2 sessions per week; the run-out/follow-up period varied from a minimum of 2 weeks to a maximum of 4 months after the end of treatment. The duration of the single session ranged from 15 to 100′.

The treatments proposed across all studies were heterogeneous: ischemic compression, myofascial release, muscle energy, soft tissue treatment, and positional release (Table 2).


TABLE 2 | Classification of the different TrPs manual treatment techniques.
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Stretching was often used as warm-up and cool-down technique. The muscles mainly treated were the upper trapezius, the sternocleidomastoid, and the suboccipitals; secondarily, other neck or head muscles were treated (Table 3).


TABLE 3 | Muscles and/or muscle groups treated in the trials.
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RoB Within Studies

None of the studies had a low RoB for all methodological items, while 3 out of 7 studies had more than one high RoB domain (64, 65, 67). Three RCTs had low risk in allocation concealment (60, 64, 75). As we expected for manual interventions, the blinding of participants and providers was always unachievable while blinding of assessors was adequately reported only in 2 out of 7 studies (60, 65). One RCT had high risk for incomplete outcome data because some patients did not maintain headache diaries as advised (65). One RCT had high risk in selective reporting because primary data about intensity were not provided (67) (Figures 2 and 3). The agreement between reviewers for individual domains of the Cochrane RoB tool was moderate (k = 0.72). Consensus was always achieved between the pair of initial reviewers.
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FIGURE 2 | Risk of bias (RoB) graph: review authors’ judgments about each RoB item presented as percentages across all included studies.
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FIGURE 3 | Risk of bias (RoB) summary: review authors’ judgments about each RoB item for each included study.




Synthesis of the Results

For primary outcome (frequency, intensity, and duration), the original measures extracted in each trial are reported in Table 4.


TABLE 4 | Original values extracted from trials regarding frequency, intensity, and duration in TTH and MH measured at baseline, after treatment, and at follow-up.
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The summary of findings for each outcome in TTH and MH and the quality of assessment are reported in Table 5. The comparisons of interventions listed by outcome for both TTH and MH are reported in Appendix S2 in Supplementary Material.


TABLE 5 | Summary of findings and quality of assessment.
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Meta-analyses of the pooled results with separated analyses of TTH and MH as subgroups are shown for frequency (Figure 4), intensity (Figure 5), and duration (Figure 6). Sensitivity analyses for RoB assessment were not conducted due to the insufficient numbers of studies in each pairwise comparison.
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FIGURE 4 | Forest plot of comparison for frequency (no. of attacks per month) compared with minimal active intervention in TTH (top) and MH (bottom). Abbreviations: TTH, tension-type headache; MH, Migraine; CI, confidence interval.
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FIGURE 5 | Forest plot of comparison for pain intensity (0–100 scale) compared with minimal active intervention in TTH (top) and MH (bottom). Abbreviations: TTH, tension-type headache; CI, confidence interval; MH, Migraine.
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FIGURE 6 | Forest plot of comparison for attacks duration (hours) compared with minimal active intervention in TTH (top) and MH (bottom). Abbreviations: TTH, tension-type headache; MH, Migraine; CI, confidence interval.



TrPs Manual Treatment vs Minimal Active Intervention on TTH and MH Combined


Frequency

A total of six trials (277 subjects) assessed the frequency of attacks as number of attacks per month; three trials had high RoB (64, 65, 67) and three had low RoB (60, 74, 76). The analysis of combined results indicated a statistically significant reduction in frequency of attacks per month after treatment favored the experimental group compared to control, with a mean reduction of 3.05 attacks/month (MD −3.05; 95% CI from −4.11 to −2.00; P < 0.01; I2 = 64%; see Figure 4).



Intensity

A total of six trials (256 subjects) assessed the intensity of pain using different scales (0–100) VAS (64, 75), 0–10 VAS/NPI (numeric pain index) (60, 74), 0–5 pain scale (76); only five trials were included into the quantitative analysis for this outcome due to missing original data from one study (67), although we tried to contact the authors. We found one trial with high RoB (64), while four trials had low RoB (60, 74–76). Analysis of combined results (referred to a normalized 0–100 scale) showed a significant reduction of intensity of attacks in the experimental group (MD −12.93; 95% CI from −18.70 to −7.16; P < 0.001; I2 = 90%; see Figure 5).



Duration

A total of three trials (130 subjects) assessed the duration of attacks; one had high RoB (64) and two had low RoB (74, 76). A mean reduction of 1.69 h per attack (MD −1.69; 95% CI from −2.93 to −0.46; P < 0.01; I2 = 91%; see Figure 6) favored the experimental group compared to control. A greater reduction was found in the trial concerning MH that compared the routine medication supported with the intervention versus routine medication alone with a mean reduction of 10.68 h per attacks (MD −10.68; 95% CI from −14.41 to −6.95; P < 0.001; see Figure 6).




Subgroup Analysis: Treatment Effects on TTH


Frequency

Four trials (189 subjects) of which two had high RoB (64, 65) and two had low risk (60, 74) which assessed the frequency of attacks. Analysis of combined results indicated a statistically significant reduction in frequency of attacks after treatment in the intervention group compared to control with a mean reduction of 3.50 attacks/month (MD −3.50; 95% CI from −4.91 to −2.09; P < 0.001; I2 72%, see Figure 4).



Intensity

Four trials (168 subjects), three with low RoB (60, 74, 75) and one with high RoB (64) assessed intensity of pain using different scales [0–100 VAS (64, 75), 0–10 VAS/NPI (60, 74)]. The combined results (referred to a normalized 0–100 scale) indicated a statistically significant reduction in intensity of attacks after treatment in the intervention group compared to control group (CG) (MD −12.83; 95% CI from −19.49 to −6.17; P < 0.001; I2 = 92%, see Figure 5).



Duration

Two trials (86 subjects), one with high RoB (64) and one with low RoB (74) assessed the duration of attacks measured in hours. Analysis of combined results indicated a small reduction in duration of attacks after treatment in the intervention group compared CG with a mean reduction of 0.51 h per attacks (MD −0.51; 95% CI from −0.97 to −0.04; P = 0.03; I2 = 54%; see Figure 6).




Subgroup Analysis: Treatment Effects on MH


Frequency

Two trials (88 subjects), one with high RoB (67) and one with low RoB (76) assessed the frequency of attacks. A statistically significant reduction in frequency of attacks after treatment was observed in the intervention group with a mean reduction of 1.92 attacks/month (MD −1.92; 95% CI from −3.03 to −0.80; P < 0.001; I2 = 0%; see Figure 4).



Intensity

The same two trials (88 subjects) assessed the intensity of pain (0–5 pain scale). Lawler and Cameron (67) reported no significant group × time interaction effect revealed by the repeated measures ANOVA of changes from baseline to follow-up [F(1, 42) = 0.82, ns; d = 0.11]; although we tried to contact the authors, we could not include these values in the meta-analysis as original data were unavailable (67). The results of the second trial (referred to a normalized 0–100 scale) indicated a statistically significant reduction in pain intensity (MD −13.60; 95% CI from −19.54 to −7.66; P < 0.001; see Figure 5).



Duration

Only one trial (44 subjects) with low RoB (76) reported a statistically significant reduction in duration of attacks after treatment in the intervention with a mean reduction of 10.68 h per attacks (MD −10.68; 95% CI from −14.41 to −6.95; P < 0.001; see Figure 6).




Additional Treatment Effects on TTH and MH


Number of Active TrPs

Number of Active TrPs in TTH, one RCT reported a significant decrease in the number of active TrPs in patients treated with ischemic compression (75).



Pressure Pain Threshold (PTT) and TrPs Sensitivity

Pressure pain threshold and TrPs sensitivity in TTH, two RCTs reported the increase of the PPT in treated muscles only in patients manually treated (P < 0.01) (60, 64); one RCT reported a significant reduction for sensitivity of TrPs only in the TG after intervention (P < 0.01) and at follow-up (P = 0.015) in TTH (74). The same results on TrPs sensitivity were reported in one RCT regarding MH (76).



Tablet Count and Medicine Consumption

Tablet count and medicine consumption in TTH, one RCT reported a significant reduction in tablet count after treatment phase (P < 0.01), but the result persisted only in manual TG after 2 weeks follow-up (p < 0.01) (74). A second study reported a not significant reduction of drug’s use only in the TG (P = 0.46) (75) while in a third study, no significant TG differences have been measured (64). In MH, one RCT reported a significant reduction in tablet count in both treatment (receiving manual PRT and medical therapy) and CG (receiving only medical therapy); differences between groups at various follow-up were always significant (P < 0.001) (76).



McGill Pain Questionnaire and Quality of Life (SF36)

In TTH, one study reported not significant differences between manual TG and control (75).



Headache Disability Inventory (HDI), Headache Impact Test-6 (HIT-6), and Perceived Clinical Change

In TTH, one study reported a significant decrease in HDI scores only in manual TG (P < 0.001) (64). Other two studies reported a significant group × time interaction in HIT-6 scores; Moraska et al. (64) detected effects over time for both manual treatment and placebo group (P’s < 0.01) but not in the CG (P = 0.52); Ferragut-Garcias et al. (60) detected effects over time for all manual TGs (P’s < 0.001) and CG (P < 0.05) compared to baseline. Regarding the perceived clinical change, greater pain reduction was observed for manual TG compared to placebo or CGs (P < 0.01) (64).



Quality and Quantity of Sleep and Stress and Coping (PSS)

Quality and quantity of sleep and stress and coping in MH the TG displayed a significant improvement of sleep quality, but not of the total amount of sleeping hours (67); in the same study, TG displayed no significant change in stress and coping levels during both treatment and at follow-up [state trait anxiety inventory scale (STAI) and perceived stress scale (PSS)]; otherwise a significant deterioration of these outcomes was found only in the CG (67).



Cervical ROM

In MH, one study reported a significant increase of cervical rotation in both experimental and CGs, but flexion, extension, and side bend increased only in experimental group after 4 months of follow-up (all P’s < 0.001) (76).






DISCUSSION

The present manuscript aimed at establishing the effectiveness of the TrPs manual treatment in reducing the frequency, intensity, and duration of attacks of primary headaches in adults. In order to explore this goal the authors’ agreement in performing articles selection and RoB assessment was moderate (Cohen’s k ranged from 0.69 to 0.72), supporting the methodological validity of the research.

The quality of the level of evidence ranged from low to very low in favor of manual TrPs treatment compared to minimal active intervention in the reduction of the frequency, intensity, and duration of the attacks in the patients with TTH and MH measured in the run-out period after intervention. Further findings having very low quality of the evidence were a greater reduction of frequency of attacks in patients with TTH and of the duration of attacks in the MH subgroup, while the intensity of attacks was similarly reduced in both subgroups.

The different extent of efficacy of the TrP treatment on the primary headaches considered either as separated entities or according to the continuum model needs to be substantiated in light of the most accepted hypotheses on the TrP induced pain. The integrated TrP hypothesis (33) proposed that a muscle overload causes ischemia and hypoxia in the muscle tissue leading to a cascade of biochemical events that finally ends in sarcomere contraction (e.g., a TrP) and produces nociceptive pain and tenderness of (pericranial) muscles. In contrast, the neuritis model (34, 78) hypothesized an inflammation of a peripheral nerve that produced a TrP as the result of ectopic impulses coming from the site of inflammation, while muscle pain and tenderness are described in terms of secondary hyperalgesia arising from the inflamed nerve. Considering primary headaches as separated entities, in case of TTH it has been proposed that the transformation from infrequent to chronic TTH is the result of the sensitization of the TNC (14, 43, 79) due to the presence of TrP according to the integrated TrP hypothesis. Thus, this mechanism is likely to explain the greater reduction of frequency and intensity of attacks for patients with TTH found in the present manuscript, but it is contradicted to some extent by the lack of reduction of duration of attacks as the de-sensitization of the TNC would also reduce the length of an attack likewise. In case of MH, it has been proposed according to the integrated TrP hypothesis that the nociceptive inputs arising from active TrPs may excite the TNC, activate the already sensitized trigemino-vascular system (16) and, consequently, promote a migraine attack (44). This mechanism may explain why frequency decreases to a little extent also in the MH group even though the reduction of intensity and duration of attacks seems paradoxical as the pain is driven by the trigemino-vascular system and not by the presence of TrPs which, constituting a precipitating factors, should influence only the frequency of the attacks. Furthermore, considering the vascular genesis proposed for TTH (15), the integrated TrP hypothesis is supported by the reduction of frequency of attacks with subtle effects on the reduction of duration of attacks, even though we should not expect a reduction of intensity of headache pain as previously described for MH.

The neuritis model better supports our results in terms of pooled groups and analyzed as subgroups. In fact, as MH may be the result of the central sensitization of the TNC due to inflammation of peripheral nerves it is possible that a TrPs treatment reduces frequency, intensity, and duration of MH attacks. Furthermore, supposing that the duration of attacks is driven by the central sensitization of the TNC according to the continuum model (30), the neuritis model may also explain why in TTH the duration of attacks is not reduced as TTH represents a mild form of migraine in which attacks are less intense and last less. However, the mechanisms of action of TrPs treatment with a neuritis model perspective remains unclear as TrPs are seen as the result of ectopic stimuli arising from the nerves and a link between muscular treatment and resolution of nerve inflammation has not been established yet apart from a reduction of mechanical forces on the nerves (80). Therefore, despite the proven effectiveness of the TrPs treatment on primary headaches, there is still the need to understand properly on which basis the manual TrPs treatment might work. For example, in one study (64) that delivered a sham treatment (detuned ultrasound) to the CG, an improvement was observed and this phenomenon pose several questions on which are the mechanisms underpinning the effectiveness of unblinded interventions, such as a placebo effect (81), as it may also activate cortical mechanisms of pain inhibition.

Our findings are in contrast with the result of a previous meta-analysis of Luedtke et al. (56) that reported no effect of physiotherapy (based mainly on exercises, modalities, relaxation techniques, and education) versus various comparators (any type of placebo intervention, any other active intervention as well as waiting list or standard care) in terms of intensity, frequency, and duration outcomes on primary headaches (56); however, authors included only one study adopting the TrP therapy, also present in the present manuscript (74), and did not consider primary headaches as an homogeneous group. It is, therefore, possible that the lack of specificity of treatments different from the TrPs therapy did not aim at the sensitization of the TNC and this may explain the different results. Finally, our results are consistent with two reviews reporting that a combination of massage therapy and exercise has the same efficacy of prophylactic treatment in patient with CTTH (52) and with MH (53).

At this time, we were unable to identify the most effective technique among those proposed as the treatments were delivered with a great variability in terms of techniques used (compression techniques, myofascial release, muscle energy, soft tissues, and positional release techniques) and their dosage (time of individual session, length of the treatment session, and the number of treatment per week); often the treatment protocols involved the use of more than a single technique. Furthermore, as the results were presented for MH and TTH merging episodic and chronic conditions, it was impossible to establish whether the effectiveness of TrPs manual treatment may differ among conditions with different frequency of attacks. Despite these considerations, both in TTH and MH, the muscles treated were mainly the sternocleidomastoideus, the upper trapezius, and the sub-occipitals and this could represent an important clinical indication for the operators.

Regarding pain reduction, although we have normalized the different scales to a single 0–100 scale, standardized unidimensional pain scales should be used in future studies to determine whether the obtained reduction has a clinical relevance and not merely a statistical significance.

Despite planned, we were not able to report on the additional negative effects of the manual treatment of TrPs as the included studies did not report them. The additional positive effects were reported sparsely in the retrieved studies, therefore, and they were grouped in three macro categories called medicine consumption, quality of life, and effects on TrPs. The evidences on reduction of medicine consumption were controversial: in patients with TTH one study reported a reduction (74, 76) and others no difference in the number of tablets taken (64, 75), while in MH the manual TrPs treatment may support the pharmacological treatment (75). The same doubts were present on the quality of life category, as there were no differences in questionnaires measuring general health (75) in patient with TTH and anxiety and stress in patients with MH (67). An effect was found for questionnaires like the HDI and the HIT-6 (60, 64). Furthermore, despite a similar amount of sleeping hours, the quality of sleep improved in patients with MH (67). For the category effects on TrPs, a reduction of the number of active TrPs (75) and an increased pressure pain threshold were found in the muscles manually treated (64, 74).

Our findings must be interpreted with caution for the weakness of the level of the evidence mainly due to the high RoB within studies and imprecision in results. Moreover, as the majority of the included studies had short-term follow-up, the long-term effect of TrPs manual treatment still needs to be established.

Performance and detection bias mainly constituted the judgment of high RoB across our trials downgrading the level of evidence. Performance bias refers to systematic differences between groups in the care that is provided, or in exposure to factors other than the interventions of interest. Detection bias refers to systematic differences between groups in how outcomes are determined (82). Blinding may reduce the risk that knowledge of which intervention was received, rather than the intervention itself, affects outcomes: it is a cornerstone of treatment evaluation (83). Lack of blinding in RCTs has been shown to be associated with more exaggerated estimated intervention effects (84, 85). As expected, blinding of participants and providers was not present in all of our studies. In fact, blinding is more difficult to obtain in trials assessing non-pharmacological treatments, such as manual therapy. Therefore, researchers and readers must be aware of existing methods of blinding to be able to appraise the feasibility of blinding in a trial (83). For example, in manual therapy, patients could be blind to the active placebo therapy (83). However, if blinding is not possible researchers could standardize the treatment of the groups (apart from the intervention), consider an expertise-based trial design, use objective, and reliable outcomes if possible, and consider duplicate assessment (86). Nevertheless, when performance bias could not be avoided, at least blinding of assessors must be performed to ensure unbiased ascertainment of outcomes (87), mostly in subjective outcomes (84). Furthermore, considering the chronicity of primary headaches, the use of single case research design (SCR) to demonstrate treatment efficacy may also have a role (88). SCR has been considered as a possible method for the scientific evaluation of manual therapies (89) and several reports argue for this (90–92).

The second important reason for downgrading the level of evidence was imprecision in results mainly due to an unwarranted paucity of participants included in the comparisons (mean of 45 subjects) that avoid to reach the optimal information size. Considering the high prevalence of headache and the largely adopted manual treatments, physical therapists and researchers should demonstrate that manual therapy represents a valid option (for example, no risk of toxicity or overuse of medications) in the spectrum of headache therapies. Only if they invest more efforts to enhance powered and well-designed RCTs, the interventions can be universally accepted by the evidence-based medicine. Therefore, we call for a launch of further well-designed trials. Particularly, we encourage clinicians, researchers, and all stakeholders to promote multicenter trials focused in manual therapy treatment for TTH and/or MG. Multicenter trials should be based on a powered sample size calculation needed to reach the clinical relevance of the manual treatment versus the minimal intervention. The RoB should be minimized at least through the blinding of assessment. Moreover, a trial sequential analysis could be proposed in order to aim at the firm evidence, confirming or confuting our preliminary results.



LIMITATIONS

The present review has some limitations that need to be addressed. Because we did not attempt to identify unpublished RCTs and our inclusion criteria were limited to only three languages, a publication bias could have occurred. The high variability of the delivered treatments prevented us from the identification of the most effective technique among those proposed. Even if epidemiological studies have determined that women are more likely to suffer from TTH and that female gender constitutes a risk factor for this disease (93), the higher prevalence of women in the TTH subgroup could make the results less applicable to the general population.



CONCLUSION

There was very low evidence that manual TrPs treatment of the head and neck muscles may constitute a useful treatment to reduce frequency, intensity, and duration of attack in patients with TTH and MH. The included studies did not report any additional negative effects, while positive effects regarding reduction of medicine consumption were controversial.
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Recently, functional corticomuscular coupling (FCMC) between the cortex and the contralateral muscle has been used to evaluate motor function after stroke. As we know, the motor-control system is a closed-loop system that is regulated by complex self-regulating and interactive mechanisms which operate in multiple spatial and temporal scales. Multiscale analysis can represent the inherent complexity. However, previous studies in FCMC for stroke patients mainly focused on the coupling strength in single-time scale, without considering the changes of the inherently directional and multiscale properties in sensorimotor systems. In this paper, a multiscale-causal model, named multiscale transfer entropy, was used to quantify the functional connection between electroencephalogram over the scalp and electromyogram from the flexor digitorum superficialis (FDS) recorded simultaneously during steady-state grip task in eight stroke patients and eight healthy controls. Our results showed that healthy controls exhibited higher coupling when the scale reached up to about 12, and the FCMC in descending direction was stronger at certain scales (1, 7, 12, and 14) than that in ascending direction. Further analysis showed these multi-time scale characteristics mainly focused on the beta1 band at scale 11 and beta2 band at scale 9, 11, 13, and 15. Compared to controls, the multiscale properties of the FCMC for stroke were changed, the strengths in both directions were reduced, and the gaps between the descending and ascending directions were disappeared over all scales. Further analysis in specific bands showed that the reduced FCMC mainly focused on the alpha2 at higher scale, beta1 and beta2 across almost the entire scales. This study about multi-scale confirms that the FCMC between the brain and muscles is capable of complex and directional characteristics, and these characteristics in functional connection for stroke are destroyed by the structural lesion in the brain that might disrupt coordination, feedback, and information transmission in efferent control and afferent feedback. The study demonstrates for the first time the multiscale and directional characteristics of the FCMC for stroke patients, and provides a preliminary observation for application in clinical assessment following stroke.

Keywords: functional corticomuscular coupling, multiscale, transfer entropy, stroke, information flow


1. INTRODUCTION

Motor dysfunction is a major consequence of stroke (1), and the loss of motor function is generally considered as a result of the impairments in neural network that controls movement. Therefore, an effective and precise assessment on the motor functions of stroke patients plays an important role in motor recovery.

The functional corticomuscular coupling (FCMC) between the motor cortex and the effector muscles is considered essential for effective movement control (2). Extensive studies have expounded that cortical oscillatory drives are coupled with muscle activation in several different frequency bands. Corticomuscular oscillations in alpha-band (8–14 Hz) have been reported during sustained contractions (3), slow finger movements (4, 5), and fast transitions between two force targets (6). Beta-band oscillations (15–35 Hz) are associated with strategies for controlling and maintaining steady-state force output (6–11). Oscillations in the gamma-band (35–60 Hz) are related to stronger muscle force production (12, 13) and dynamic force output (6, 14). These researches reveal that the FCMC in different frequency bands plays different roles in sensory and motor systems in healthy subjects.

Similar studies have been carried out on the stroke patients, since Mima et al. (15) first reported that the FCMC for the hand and forearm muscles was smaller on the affected side of subcortical stroke patients during weak tonic contraction tasks. Fang et al. (16), Meng et al. (17), and von Carlowitz-Ghori et al. (18) also reported that stroke patients had significant lower FCMC on affected sides during a steady-state force task. FCMC decrease indicates that the impairment in the lesioned hemisphere possibly leads to the discontinuity of information transmission in the sensory-motor systems. However, Braun et al. (19) concluded a conversely preliminary observation that maximal FCMC in some patients with excellent recovery were higher than that in the healthy controls during a steady grip task, and Graziadio et al. (20) reported that there were no FCMC differences between stroke patients and healthy controls during rest and isometric contraction. The above studies without uniform conclusions mainly focus on the functional coupling and temporal coordination, and also indicate that the FCMC between the motor cortex and the muscle can be considered as an assessment of motor recovery. Several reports, however, point out that the FCMC possibly conveys the central motor command (descending), but not the sensory afferent feedback (ascending) for stroke patients suffering from a pure motor paresis without sensory symptoms (15). The direction-dependent information transmission between the brain and the muscle thereby seems to be necessary to analyze inherent mechanism for stroke.

Unfortunately, only a few studies of the FCMC in information flow are carried out in healthy people. These researches have shown that the cortical oscillations between the cortex and the muscle are direction-dependent (21, 22). Witham et al. (23) found that the FCMC strength was larger in descending pathway than that in ascending pathway in monkey, and they (24) also revealed that the FCMC in ascending pathway was dominated within the whole beta-band (12–30 Hz) compared with that in descending pathway in humans. Mima et al. (25), however, reported that the FCMC in descending direction was significantly larger at 19–30 Hz band than that in the opposite direction. Although these works indicate that the FCMC can elucidate functionally relevant contributions of cortical oscillation to motor control and muscle activation to sensory feedback, it is hard to centralize uniform conclusions. These inconsistent results may be from the applied methodologies limited to focus on the linear or nonlinear assessment of the functional coupling, interaction strength, and information flow. However, these methods cannot be utilized to describe the multiscale characteristics of complex electroencephalogram (EEG) and electromyogram (EMG) series, whereas the brain function is regulated by complex self-regulating systems that process inputs from interacting mechanisms which operate in multiple spatial and temporal scales (26). Therefore, it is necessary to go into research on methods that can analyze more information in motor-control system.

Transfer entropy (TE) technique (27) as a causal tool can measure the effective connectivity and capture nonlinear nature based on information entropy without modeling the interaction. Based on the asymmetry (reflecting directional) and transition (reflecting dynamic) probabilities computation, the TE method is particularly efficient in detecting some unknown nonlinear interactions (28) and has been applied into neuroscience (28–31). Therefore, the TE is suitable in analyzing the functional connections between the cortex and the contralateral muscles in sensorimotor loop system. The measure, however, is still single-scale and may be insufficient to describe the dynamical and multiscale characteristics of complex EEG and EMG series. In our previous study, we have proposed multiscale transfer entropy (MSTE) by introducing the coarse-graining process into the TE method (32). This study revealed the temporal-scale characteristics in FCMC based on the analysis between the EEG and EMG signals in healthy controls. However, there was no similar analysis in stroke patient, though large studies about the EEG signal for stroke have indicated a decreased complexity of the neural activity in the brain (33–35). Similar to the brain, we guess that the spatial and temporal scales in the sensorimotor system may be disordered for stroke patients due to the structural lesion in the cerebral brain.

The main contribution of this work is the study of the multiscale and directional characteristics of the FCMC between the cerebral cortex and the contralateral muscles for stroke. The MSTE method was applied to experimental data recorded while performing the grip task with steady-state force in stroke patients and healthy controls. Such studies can provide new insight into the dynamical and multiscale characteristics of functional connections in coupling strength and coupling flow after stroke and add to the understanding of mechanisms underlying motor recovery. The present study demonstrates for the first time the multiscale characteristics of the FCMC between the brain and the contralateral muscles in both pathways for stroke patients.



2. MATERIALS AND METHODS


2.1. Subjects

8 stroke patients who had persistent dyscoordination of the right upper limb without sensory symptoms (Table 1; mean age, 52.6 ± 9.6years; range, 37–66 years; 3 male) and 8 healthy controls (mean age, 59.4 ± 6.2 years; range, 53–69 years; 5 male) without any history of neurological disease were enrolled in the study. The participants were tested according to the Oldfield questionnaire (36). All subjects participated according to the declaration of Helsinki and gained consent and approval of the ethical review board of Yanshan University. All participants have given informed consent. They all had no previous experience with similar experiments.


TABLE 1 | Demographic information of stroke patients.

[image: image1]




2.2. Data Recording and Experiment Paradigm


2.2.1. Experimental Paradigm

During the experimental session, the subjects sat in an electrically shielded, dimly lit room. All subjects were instructed to place their right-hand to grip a shank which connected to a force sensor (Figure 1A). Visual feedback on the force were provided for the subjects via a monitor with two lines in different colors: the red line indicated the target force (TF) and the green line represented the exerted force (EF) by the subjects. The subjects needed to maintain the green line tracking the red line at any time (Figure 1B).


[image: image1]
FIGURE 1 | Experimental setup. (A) Recording of electroencephalogram and electromyogram data. (B) Force profile generated by the mainpulandum during 1 trial: the red line indicated the target force and the green line represented the exerted force. (C) The flow of the experimental task.


The total experiment mainly contained two sections as shown in Figure 1C. First, the subjects were asked to perform the maximum voluntary contraction (MVC). Before the task, each subject performed an isometric contraction of the right-hand grip with maximal effort lasting 5 s and the MVC force was determined as the peak value over the period of stable force output. To obtain precise result, the MVC was measured three times for each subject and calculated the mean value as [image: image1]. The whole task included four sessions with 60 s break between each session to avoid fatigue, and each session with 2 s ready, 50 s steady-state force output with 20% [image: image1], and 8 s relax.



2.2.2. EEG and EMG Data Recording

During the experiments, scalp EEG and EMG signals were recorded synchronously by 64-channel eego™ sports system (ANT Neuro, Enschede, Netherlands) and 1-channel Trigno™ Wireless EMG system (Delsys Inc., Natick, MA, USA). These two sets of equipment were combined by a wireless synchronous pulse trigger. EEG signals were recorded from 32 scalp positions using the international 10–20 system and the EMG signals were recorded from the flexor digitorum superficialis (FDS). Before the electrode application, the hair needed to clean and dry off, and the skin surface was cleaned with alcohol. The EEG and EMG data were amplified (1,000) and digitized (1,000 Hz).



2.2.3. Data Preprocessing

Data analysis was carried out offline in MATLAB (R2013b, Mathworks Inc., Natick, MA, USA) environment. In order to avoid the impact of the beginning force, the interval between 2 and 48 s after the tone onset was chosen for further analysis. Segments with large-amplitude artifacts in the range of 0.5–150 Hz were excluded. And the corresponding EMG and EEG signals of those epochs were discarded, too. After visual inspection, we designed a combined filter to remove the artifacts in raw EEG recordings. First, mean and SD rejected outlier points. Then, an adaptive notch filter (37) was used to remove the 50 Hz the power signal, and a high-pass filter was used to remove baseline drift. After that, Informax-based independent component analysis (ICA) was used to remove the electrooculogram (EOG) signals. Finally, canonical correlation analysis was implemented to remove the EMG signal from the EEG signal (38). A bipolar derivative (39) was analyzed for MSTE calculation in the subsequent analysis. Compared to EEG signals, the interferences in EMG signals were easily removed. An adaptive notch filter was used to remove the 50 Hz power signal, and a 0.5–150 Hz bandpass filter was used to remove the direct current high frequency interference. After that, the EMG signals were rectified before subsequent analysis (40, 41).




2.3. Multiscale TE


2.3.1. Derivation of multiscale TE

To account for the inherent multiscale characteristics in the brain or the muscle, a “coarse graining” process was applied. X = {x1, x2,…,xi,…, xN} and Y = {y1, y2,…,yi,…, yN} represented the preprocessed EEG and EMG signals; {xs} and {ys} were constructed consecutive coarse-grained time series by averaging X and Y data points in non-overlapping windows of length, respectively. Each element of the coarse-grained time series was calculated according to the equations:

[image: image1]

[image: image1]

where s represents the scale factor, and the [image: image1] and [image: image1] denote the element of the coarse-grained time series {xs} and {ys}. The length of each coarse-grained time series is equal to the length of the original time series N divided by s. For scale s = 1, the time series {x1} and {y1} are the original EEG and EMG series, respectively. Next the TE was calculated for each coarse-grained time series {xs} and {ys}. The TE values from Xs to Ys, termed [image: image1], can be derived from conditional entropies as follows:

[image: image1]

where t is a discrete valued time-index and u is a scalar value, namely the information transfer delay between Xs and Ys; [image: image1] and [image: image1] are m- and n- dimensional delay vectors of Xs and Ys, respectively; [image: image1] is the entropy of the process Ys conditional on its past, and can be calculated as

[image: image1]

[image: image1] can be also calculated as

[image: image1]

where the formula (3) can be rewritten as

[image: image1]

The MSTE from Ys to Xs can be defined as [image: image1], and can be obtained by the same process. The [image: image1] [image: image1] and [image: image1] [image: image1] can be used to describe the information flow across the whole bands from the EEG to EMG and from EMG to EEG, respectively. In this paper, the MSTE values will be calculated between each pair of EEG–EMG, and this procedure may account for the different locations of the maximum MSTE values due to inter-individual differences in brain morphology. For each EEG channel, only the higher MSTE values were used for subsequent analysis.



2.3.2. Statistical Significance

To test the statistical significance of the values for MSTE at each time scale, we used the surrogate data method by randomizing the phase of the original data which can obtain by Fourier transform (42). This will destroy the causal interaction, but guarantee the same amplitude characteristics between the surrogate data and the original data. For each signal Xs or Ys in each time scale, we performed 10,000 times and calculated the MSTE in both directions at each time scale, respectively. After that, the mean values across all 10,000 times, named [image: image1], were calculated in each direction at each scale. Therefore, if the MSTE values was larger than the [image: image1] in the same direction and time scale, we can conclude there was significant causal interaction. In the subsequent analysis, we calculated the difference values by the MSTE values subtracting the [image: image1] values, and we defined as zero if the difference value was negative.




2.4. Statistical Analysis

To investigate the differences between stroke patients and healthy controls in both directions, three-way repeated measures analysis of variance (rANOVA) (43, 44) was performed with subject (2 levels: stroke and control) as a between-subject factor, direction (2 levels: descending and ascending), and time scale (20 scales) as within-subject factors, and the MSTE value as the dependent variable. In the case of significant subject by direction interaction, simple effect was used to compare the subject differences on a level of the direction or the direction differences on a level of the subject separately for each time scale. In our study, to describe the corticomuscular interaction in specific frequency bands, we used the wavelet package method (45) to divide the EEG and EMG signals into sub-bands, and then reconstituted the specific frequency bands, such as delta (1–4 Hz), theta (4–8 Hz), alpha1 (8–10 Hz), alpha2 (10–12 Hz), beta1 (12–25 Hz), beta2 (25–35 Hz), gamma1 (35–45 Hz), and gamma2 (45–60 Hz). In each specific frequency band, we then calculated the MSTE values. After that, in each sub-band, we also performed three-way rANOVA with subject (2 levels: stroke and control) as a between-subject factor, direction (2 levels: descending and ascending), and time scale (20 scales) within-subject factors. In the case of significant subject by direction interaction, simple effect was also used to compare the subject differences on a level of the direction or the direction differences on a level of the subject separately for each time scale. Greenhouse–Geisser was used to correct the degree of freedom. In this study, an alpha of P < 0.05 was considered significant. SPSS 19.0 for windows (SPSS Inc., Chicago, IL, USA) was used for all statistical computations.




3. RESULTS


3.1. MSTE Values for SP and HC

Figure 2 showed the MSTE values in descending and ascending directions for both stroke patients and healthy controls as the scale increased. Figure 2A showed the MSTE values in two directions for each stroke patient and Figure 2B for each healthy control. As Figure 2B was shown, for healthy controls, the interaction strength had a gradually increasing trend even if the growth rate was declined in both two directions as the scale s increased, and reached a steady state when the scale reached up to 12 even if the scale increased. Compared to the healthy controls, Figure 2A showed that there were some commons between stroke patients and healthy controls that the strengths also increased even if the growth rate was declined with the scale increasing. However, there was no steady state during the scale interval from 1 to 20, and even a significant decline in ascending direction for stroke patient S8. What is more, we plotted the scales where the first three higher MSTE values located in Figure 2. As Figure 3 was shown, for healthy controls, the scale mainly focused on about 12, except for the ascending direction in C2 and descending direction in C8. However, there was no regular difference in both directions for stroke patients. Further comparison between the descending and ascending directions showed that the MSTE values in descending direction for most healthy controls were higher at the scale about 5~15 than that in ascending direction. However, we cannot find similar differences between two directions for stroke patients, except for S8.


[image: image1]
FIGURE 2 | The MSTE values in descending and ascending directions for both stroke patients and healthy controls, respectively. (A) Showed the MSTE values in two directions for each stroke patient and (B) for each healthy control. The label “S” in (A) represented the stroke patient, and the label “C” in (B) meant the healthy control.



[image: image1]
FIGURE 3 | The scales distribution where the first three higher MSTE values located for each subject. The label “S” in (A) represented the stroke patient, and the label “C” in (B) meant the healthy control.




3.2. MSTE Values in Each Direction for SP vs. HC

Three-way rANOVA yielded significant main effects for subject [F(1,14) = 390.900, p = 0.000], direction [F(1,14) = 20.125, p = 0.001], and time scale [F(8.392,117.488) = 4.424, p = 0.000], respectively. There were also a double interaction between the subject and the direction [F(1,14) = 10.871, p = 0.005]. However, there was no interaction among subject, direction, and time scale [F(7.328,102.586) = 0.351, p = 0.933]. Further statistical analysis showed the MSTE differences in descending or ascending direction between stroke patients and healthy controls in each time scale, respectively. Figure 4 showed the mean MSTE values across all subjects in two directions with the time scale increasing. In this figure, we denoted the significance with the star mark. The word “Line 1” showed the significant level between descending and ascending direction in each time scale for stroke patients, the “Line 2” was for healthy controls. The Line 3 and Line 4 indicated the significant level between stroke patients and healthy controls at each time scale in descending and ascending directions, respectively. As this figure was shown, there was no significant difference between descending and ascending directions for stroke patients at each time scale. On the contrary, there were significant differences for healthy controls at scale 1 [F(1,14) = 4.35, p = 0.031], scale 7 [F(1,14) = 5.94, p = 0.029], scale 12 [F(1,14) = 4.85, p = 0.045], and scale 14 [F(1,14) = 6.99, p = 0.019]. This mean the MSTE values in descending direction was significantly larger than those in the opposite direction. Compared to healthy controls, stroke patients lost the difference between the descending and ascending directions. Additionally, we analyzed the differences between the stroke patients and healthy controls in each direction. As Line 3 was shown, healthy controls showed higher MSTE values in descending direction compared to stroke patients at scale 1 [F(1,14) = 9.78, p = 0.009] and high scales from 7 to 19. Meanwhile, healthy controls also represented significantly higher MSTE values in ascending direction compared to stroke patients at scale 13 [F(1,14) = 6.48, p = 0.023], scale 14 [F(1,14) = 8.42, p = 0.012], scale 16 [F(1,14) = 5.63, p = 0.033], and scale 18 [F(1,14) = 11.12, p = 0.005], respectively. These differences also meant stroke patients had a decreased coupling in both directions at high time scale. Additionally, we can also find that the healthy controls had a higher MSTE values at scale 12 in both directions, which had a similar distribution as each subject showed in Figure 2.


[image: image1]
FIGURE 4 | The mean MSTE values in both directions for both stroke patients and healthy controls with the time scale increasing. We denoted the significance with the star mark. *p < 0.05, **p < 0.01, and ***p < 0.001. The word “Line 1” showed the significant level between descending and ascending direction in each time scale for stroke patients, the word “Line 2” was for healthy controls. The Line 3 and Line 4 indicated the significant level between stroke patients and healthy controls at each time scales in descending and ascending directions, respectively.




3.3. MSTE Values at Each Frequency Band for SP vs. HC

To further illustrate the differences between stroke patients and healthy controls driving from delta, theta, alpha, beta, or gamma oscillation, we calculated the MSTE values in 8 bands (delta, theta, alpha1, alpha2, beta1, beta2, gamma1, and gamma2) as shown in Figure 5. There were increased trends at the alpha1, alpha2, beta1, and beta2 bands as the scale increased, which was line with the result for the MSTE values across the whole bands in Figure 4. We found that there were no differences at delta, theta, alpha1, gamma1, and gamma2 bands in two directions for stroke patients and healthy controls. There was also no difference between the descending and ascending directions for stroke patients at alpha2, beta1, and beta2 bands, while some differences for healthy controls at beta1 band at scale 11 [F(1,14) = 10.90, p = 0.008] and beta2 band at scale 15 [F(1,14) = 8.46, p = 0.019], scale 17 [F(1,14) = 9.17, p = 0.007], scale 18 [F(1,14) = 7.32, p = 0.026], and scale 19 [F(1,14) = 102.43, p = 0.000]. Unlike to the results showed in Figure 5 at scale 1, there were no differences at scale 1 between the descending and ascending directions for healthy controls at all frequency bands. Additionally, significant differences in beta1 and beta2 bands were almost across the entire scales between the stroke patients and healthy controls in both directions. This showed that stroke patients had lower MSTE values at beta1 and beta2 bands in both directions than healthy controls. In this figure, we can find that the differences between the stroke patients and healthy controls which may drive from the beta1 and beta2 band, partly from the alpha2 band. Different from the result in Figure 4, Figure 5 showed us the difference between stroke patients and healthy controls almost across the entire time scales, especially for the descending direction.


[image: image1]
FIGURE 5 | Grand averages of the MSTE values in both descending and ascending directions for all subjects at delta, theta, alpha1, alpha2, beta1, beta2, gamma1, and gamma2 bands, respectively. We denoted the significance with the star mark. *p < 0.05, **p < 0.01, and ***p < 0.001. The word “Line 1” showed the significant level between descending and ascending direction in each time scale for stroke patients, the word “Line 2” was for healthy controls. The Line 3 and Line 4 indicated the significant level between stroke patients and healthy controls at each time scales in descending and ascending directions, respectively.





4. DISCUSSION

As far as we know, the corticomuscular coupling between the brain and the muscles mainly refer to the coupling strength and information flow in single time scale, except for our previous studies (32). Compared to extensive researches on the coupling strength, few studies involve the information flow although it is obvious that the sensorimotor system loop is direction-dependent (21, 22). Witham et al. (24) found that the FCMC in the ascending direction was dominate within the whole beta band compared to that in the descending direction in humans, despite revealed that directed coherence being dominant in the descending direction on monkeys (23). This difference may be due to the differences in sensory feedback between monkeys and humans. Mima et al. (25) reported that FCMC at the 19–30 Hz band from EEG to EMG was significantly larger than that from EMG to EEG. Our research also supports that the EEG beta oscillations propagate bidirectionally between the motor cortex and the corresponding muscle (2, 24, 25, 46). However, in our study, we found that significantly larger single scale-based FCMC in descending direction than in ascending direction, while we found no difference at each frequency band between two directions with time scale 1. Therefore, it is hard to reach a uniform conclusion. Hence, it remains unclear why the FCMC varies between descending and ascending pathways. One possible explanation is that the minor differences in structural anatomy could cause a different projection of activity in the pathways (24). Sensory inputs from muscle spindles ascend through spinal cord to the thalamus and eventually reach the primary somatic sensory cortex (the afferent pathway), and then command outputs from the motor areas in the cerebral cortex to descend through the brain stem to motor neurons of the spinal cord and eventually reach muscle (the efferent pathway). These structural differences may result in the differences between descending and ascending pathways. Another possible influence may come from neurotransmission transition. In contrast to sensory systems which transform physical energy to neural signals, motor systems translate neural signals into contractile forces to produce movements (47).

Compared to the FCMC in healthy controls, a few studies were carried out in stroke patients. In previous studies, only coupling strength was investigated in stroke patients. Though several researches have reported significantly lower corticomuscular coupling for the stroke-affected hand (15–18), there is no any report that points out the difference of the information flow for stroke patients. In our study, we explored the difference between the stroke patients and healthy controls in both directions and found that single scale-based interaction strength in stroke-affected hand was weaker in descending direction than that in healthy controls, and further analysis on the specific bands showed that the decrease mainly drove from the beta2 band. Additionally, we found that stroke patients exhibited no difference between the descending and ascending directions at the whole bands even all specific bands. These differences reveal that interaction connections between the brain and the muscles have been destroyed due to the structural lesion in the cerebral brain. In previous studies, the research has expounded that the reduced neural oscillation after brain injury and the weak cortical-spinal synaptic connection might have influence on the FCMC (17). This is the first study referring to the information flow for stroke patients, and there are still no recorded literatures about the information flow for stroke. We infer the lesions in the brain which also destroy the structure of the pathway providing an approach to transmit information between the brain and the muscles, and decrease the ability to mobilize and activate the related tissues and organs to participate the task, resulting in partly information missing during the transmission processing due to the reduce of the carriers. As a result, the coupling between the brain and the muscle decreased for stroke patients.

Up to date, certain FCMC characteristics over multiple scales are seldom presented in previous literatures which mainly focus on the single-time scale. The sensor-motor system, as a complex and with various structures, involves multi-layer neurotransmission and multi-characteristic interactions. Some researches on EEG or EMG signals have pointed out that complex self-regulating systems operating across multiple spatial and temporal scales can complicate EEG or EMG series at multiple scales (26, 48–50). In our study, multiscale characteristics also exist in sensory-motor system by analyzing the synchronous oscillations between the cerebral cortex and the corresponding muscles. Our previous study have illustrated that the FCMC between the brain cortex and the muscles are multiscale characteristics (32). In this study, we also found healthy controls exhibiting a gradually increasing trend with gradually declining growth rate in both two directions as the scale s increased, and reached a steady state when the scale reached up to 12 even if the scale increased. With respect to why interaction strength will increase as time scale increases, this might be related with the coordination between the brain and the muscles in sensory-motor system, because some studies point out that the coordination functions of the brain can be presented on larger scales on the whole. The sensory input from muscle receptors and the motor command input from the brain can lead to the synchronization oscillations with different strengths and modalities. However, there is no definite explanation for this phenomenon.

The MSTE values in descending direction were higher than that in ascending direction at scale 1, 7, 12, and 14. Further analysis showed that these characteristics in multi-time scale mainly focused on the beta1 band at scale 11 and beta2 band at scale 15, 17, 18, and 19. Our further analysis on specific bands showed that this difference mainly focused on the beta band (beta1 and beta2). Our results reinforce that beta rhythm is primarily rooted in the primary motor cortex (51) and that oscillations in the beta band (15–35 Hz) are associated with controlling and maintaining steady-state force output (6–11). Compared to healthy controls, the FCMC characteristics in multi-time scale for stroke patients were changed. The strengths in both directions were reduced and the gaps between the descending and ascending directions were narrowed over all scales. Further analysis in specific bands showed that the reduced FCMC mainly focused on the alpha2 band at partly high time scales, beta1 band at high time scales and beta2 band at almost all time scales in both directions. This was different from the single scale-based result that there was no difference in each specific band. These differences may drive from complex mix of factors. As our infer in the paragraph above, the lesion in the brain may decrease the ability to mobilize and activate the related tissues and organs to participate the task, resulting in not only losing partly information, but also reducing the dimensionality and complexity of the sensorimotor system. As we see, there were no significant multiscale characteristics for stroke patients. With respect to why significant differences between the stroke patients and healthy controls mainly focused on beta band, it is related to the functions of the beta oscillation which also are illustrated above. For stroke patients, lower stability and poorer performance may result in the weaker coupling at beta band compared to healthy controls. The contents between the motor performance and the FCMC will be studied in the future work.



5. CONCLUSION

In this study, we used the MSTE model to explore the FCMC changes of the inherent directionality and multiscale in sensorimotor systems for stroke patients. Our results showed that the multiscale properties of the FCMC for stroke were changed, the strengths in both directions were reduced and the gaps between the descending and ascending directions were disappeared over all scales. Further analysis in specific bands showed that the reduced FCMC mainly focused on the alpha2 at higher scale, beta1 and beta2, at almost whole scales. This study confirms that the FCMC between the brain and the muscles is capable of multiscale characteristics, and the changes in functional connection for recovered stroke might result from the structural lesion that disrupt coordination, feedback, and information transmission in efferent control and afferent feedback. The study demonstrates for the first time the multiscale characteristics of the FCMC between the brain and the contralateral muscle in both pathways for stroke patients.
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Background: It is increasingly acknowledged that the outcomes of medical treatments are influenced by the context of the clinical encounter through the mechanisms of the placebo effect. The phenomenon of placebo analgesia might be exploited to maximize the efficacy of neurorehabilitation treatments. Since its intensity varies across neurological disorders, the Italian Consensus Conference on Pain in Neurorehabilitation (ICCP) summarized the studies on this field to provide guidance on its use.

Methods: A review of the existing reviews and meta-analyses was performed to assess the magnitude of the placebo effect in disorders that may undergo neurorehabilitation treatment. The search was performed on Pubmed using placebo, pain, and the names of neurological disorders as keywords. Methodological quality was assessed using a pre-existing checklist. Data about the magnitude of the placebo effect were extracted from the included reviews and were commented in a narrative form.

Results: 11 articles were included in this review. Placebo treatments showed weak effects in central neuropathic pain (pain reduction from 0.44 to 0.66 on a 0–10 scale) and moderate effects in postherpetic neuralgia (1.16), in diabetic peripheral neuropathy (1.45), and in pain associated to HIV (1.82). Moderate effects were also found on pain due to fibromyalgia and migraine; only weak short-term effects were found in complex regional pain syndrome. Confounding variables might have influenced these results.

Clinical implications: These estimates should be interpreted with caution, but underscore that the placebo effect can be exploited in neurorehabilitation programs. It is not necessary to conceal its use from the patient. Knowledge of placebo mechanisms can be used to shape the doctor–patient relationship, to reduce the use of analgesic drugs and to train the patient to become an active agent of the therapy.

Keywords: neurorehabilitation, placebo, pain, clinical psychology, health psychology, placebo effect, consensus conference


INTRODUCTION

The placebo effect can be defined as the improvement in the patient’s symptoms after the administration of an inert substance in a context inducing positive expectations about its effects (1, 2). This phenomenon is raising a growing interest in the field of pain management in patients with neurological disorders. Neurorehabilitation treatments could be delayed or hampered by pain symptoms, whose management could be particularly difficult since the available treatments may provide only a moderate relief at the cost of various undesirable side effects (3–5). In this context, knowledge of the mechanisms of the placebo effect could be important. Rather than representing an alternative treatment modality, this phenomenon can be exploited to enhance the effectiveness of the care (6).

In the last decades, research has shifted its focus from the inert substance to the psychosocial context surrounding its administration. The placebo response can be considered as a form of contextual healing, since the beneficial outcome is due to the context of the clinical encounter, rather than to a specific efficacy of the actual treatment (7–9). This complex phenomenon can be described as the emerging effect of the doctor–patient relationship and of the psychosocial context in which it takes place (10). The patient’s memory of previous treatments, personal characteristics, and expectations modulate and are modulated by the interaction with the doctor, whose characteristics and expectations, in turn, influence the context of the encounter. Therefore, the therapeutic ritual itself is the trigger of the placebo effect (11).

The placebo effect is grounded in physiological mechanisms. Different processes can be involved, depending both on the physical or psychological state of the patient and on the context. Various theoretical frameworks have been proposed to understand them, each focusing on a different set of variables, such as conditioning processes, patient expectations, individual attributions, and contextual factors (2, 12). Each of these processes was found to involve different neurobiological mechanisms, including opioid, endocannabinoid, or dopamine ones (13–20). The presence of various mechanisms seems to reflect the complexity of the phenomenon, as well as the variety of neurobiological, psychological, and psychosocial processes involved.

The placebo effect varies across individuals and disorders. Studies are increasingly shedding some light on the individual differences, focusing on the role of genetics (21–23), on differences in the activation of the reward system (16), on differences in expectancy mechanisms and in the emotional appraisal of situations (24), or on the role of psychological variables. Among them, preliminary data corroborate the role of dispositional optimism and state anxiety (25–27), various personality traits (28, 29), hypnotizability and suggestibility (30, 31), reappraisal ability (32), beliefs (33), learning mechanisms (34), and traits linked to dopaminergic mechanisms such as novelty seeking (35).

On the other hand, differences across disorders have received less attention, especially in the field of neurorehabilitation. To exploit the analgesic potential of placebo treatments in this field, knowledge about its differential effects is required. On behalf of The Italian Consensus Conference on Pain in Neurorehabilitation (ICCPN), a multidisciplinary board aimed at developing the national guidelines on the assessment and treatment of pain in neurorehabilitation, our working group was established to summarize the available studies on this topic.



METHODS

A review of the existing reviews and meta-analyses examining the role of the placebo effect in disorders that may undergo neurorehabilitation treatment was performed. This research design was chosen since (a) it allowed to summarize a high amount of studies on such a broad topic and (b) literature reviews focusing on each disorder were already present. Both systematic and non-systematic reviews were considered for inclusion since it was hypothesized that the quality of the existing literature about each disorder would be heterogeneous. Studies were, therefore, included if they reported reviews, with or without meta-analysis, presenting data about the effects of a placebo treatment on pain intensity in disorders that may undergo neurorehabilitation treatment. Only articles written in English language were considered. Studies were excluded if they did not report summary data about the effects of placebo treatments.

An initial search was performed on July 2014, imposing no restraints on the articles’ publication date. Subsequently, a research update took place on March 2017, restraining the search to articles published from 2014 to 2017. Both the searches were performed on PubMed using the following keywords: “placebo” (research restricted to the title) “nervous system disease” (as a MeSH word), the names of the primary neurological disorders and “pain.” The inclusion and exclusion criteria were used by one of the authors to judge the eligibility of the studies based on the articles’ titles, abstracts and, finally, full texts. The bibliographies of the selected articles were analyzed to identify other potentially relevant reviews. The methodological quality of included studies was then assessed using the Critical Appraisal Checklist for Systematic Reviews (Table 1) (36). When assessing the methodological quality of non-systematic reviews, items from 5 to 8 of this checklist were not considered.


TABLE 1 | Critical Appraisal Checklist for Systematic Reviews.

[image: image1]


The following data were extracted from the included reviews: study design of the review, disorder addressed by the review, participants’ details, study design of the included studies, number of electronic databases accessed during the search, date range of the search, number of studies included, number of subjects included in placebo arms, total number of subjects, instruments used by the studies to assess pain intensity, and quantitative results. Since the aim of the present review was not to assess if placebo treatments are evidence-based interventions, the quality of evidence was not graded and no recommendations were made. Instead, the results of the reviews were synthesized in a narrative form. Results from excluded reviews or from primary studies that were found during the search that were considered relevant to give insight to areas not explored by the included reviews were also commented.



RESULTS

Overall, the searches yielded 872 records. From this sample, 11 reviews were included in the present review. The flowchart of the study search and selection is reported in Figure 1.


[image: image1]
FIGURE 1 | Flowchart of the records search and selection.


Among the included reviews, 10 out of 11 were systematic and 9 included a meta-analysis. Five of these reviews focused on peripheral and/or central neuropathic pain disorders, three on migraine and the remaining on chronic regional pain syndrome, fibromyalgia, or mixed chronic pain conditions. The characteristics of the studies are reported in Table 2.


TABLE 2 | Description of the included reviews.
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The methodological quality of the included reviews was variable (Table 3). Among the systematic reviews, three studies did not meet at least six items of the critical appraisal checklist (39, 40, 44), but none of them showed substantial biases that may hinder the interpretation of their results.


TABLE 3 | Quality assessment of the included reviews.
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PLACEBO EFFECT IN PAIN CONDITIONS IN NEUROREHABILITATION

The main quantitative results of the included reviews generally show that the placebo effect has a low to moderate effect on pain across the various disorders (Table 4). However, differences are visible, especially when neuropathic and non-neuropathic pain disorders are contrasted.


TABLE 4 | Quantitative findings of the included reviews.
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Various reviews and meta-analyses addressed the role of placebo in neuropathic pain disorders and found a noticeable heterogeneity between peripheral and central ones (43–46). In general, the placebo effect was found to be more intense in the former than in the latter. A meta-analytic study estimated the intensity of the placebo effect in various neuropathic pain disorders, and explored both the average pain reduction and the percentage of patients who positively responded to the placebo treatment (44). On a 0–10 scale, the average decrease in pain severity was 1.82 in pain associated with HIV (percentage of positive responders: 48.2%), 1.45 in painful diabetic peripheral neuropathy (percentage of positive responders: 20%), 1.16 in postherpetic neuralgia (percentage of positive responders: 11.5%), and between 0.44 and 0.64 in central neuropathic pain (percentage of positive responders: 7.2%) (42, 44). Other studies confirmed that, among the disorders associated with peripheral neuropathic pain, the placebo effect was higher in painful diabetic peripheral neuropathy than in postherpetic neuralgia (43). In contrast, the placebo effect in complex regional pain syndrome, a disorder with some neuropathic characteristics (48), seems to be nearly absent, with only weak short-term effects (37). In neuropathic pain disorders, the intensity of the placebo effect is modulated by the duration of treatment, with longer treatments associated with increased effects, and by the duration and intensity of initial pain, with longer duration of and higher intensity associated with a reduced placebo response (42, 43, 45).

The intensity of the placebo effect is generally higher in non-neuropathic pain disorders. A meta-analysis by Madsen et al. (47) compared the effects of acupuncture, placebo acupuncture, and a no-treatment condition on pain from various disorders, including headache (tension type, migraine), nociceptive pain (osteoarthritis, low back pain), iatrogenic pain (postoperative, procedural pain during colonoscopy, abdominal scar pain), and fibromyalgia. In this study, acupuncture was found to have slightly stronger effects (i.e., 0.4 points on a 0–10 scale) than placebo acupuncture, whereas a moderate difference (i.e., 1.0 points) was found between placebo acupuncture and no acupuncture conditions.

Hauser et al. (38) studied both the placebo and the nocebo effect in the management of fibromyalgia, and estimated that the percentage of patients experiencing a 50% pain reduction after a placebo treatment was 18.6% and that the dropout rate due to adverse events was 10.9%. In contrast, groups receiving a true drug showed a higher rate of responders (31.6%) and a higher dropout rate due to adverse events (20.4%). This study did not compare the improvement in the placebo group with that in the untreated groups.

Despite the variability of their effects, placebo treatments were found to be associated with both short- and long-term improvements in migraine sufferers (39, 41). Placebo groups showed an improvement of pain symptoms in 26% of cases, and 21% of patients taking placebo for migraine prophylaxis improved. For both outcomes, the efficacy of the placebo treatment was estimated to be half of that of active drugs. The placebo treatment type influenced its efficacy, with sham acupuncture and sham surgery being more effective than oral placebos (41). These effects were accompanied by a high rate of adverse events (39–41). The presence of adverse events in case of placebo administration is in line with the nature of placebo, since their characteristics are generally similar to the characteristics of the active drugs against which placebo is compared (49).

The size of the placebo effect and its variability across disorders and type of placebo treatment is apparent also when non-neurological disorders are considered. It was estimated that placebo treatments for osteoarthritis resulted in an overall moderate effect (effect size = 0.51) and that topical and intra-articular placebos are more effective than oral ones (effect size differences of 0.20 and 0.29, respectively) (50, 51). Other estimates show that the size of the placebo effect is equivalent to 72% of that of the drug treatment in burning mouth syndrome (52) and that it leads to pain remission rates of 19.9% in chronic pancreatitis (53).



IMPLICATIONS FOR CLINICAL PRACTICE

The effectiveness of placebo treatments should not be overestimated. Most of the studies on this topic showed high heterogeneity and did not take into account confounding variables, such as spontaneous remission of symptoms or regression toward the mean, thus potentially overestimating the intensity of the placebo response. In addition, various authors underlined that (a) placebo effect is higher when subjective rather than objective outcome measures are explored (54); (b) bias may be present in patients’ responses (54); (c) each individual responds differently to placebos (55, 56), and (d) outcomes vary consistently across studies and methodological design (57). These limitations are prominent in studies on placebo treatments, and may impede to predict their effects in routine clinical practice. It is recommended to take these treatments into consideration in neurorehabilitation settings only after traditional ones have failed or are contraindicated (58–64).

Rather than simply representing an alternative type of treatment, the placebo effect is a phenomenon that can increase the effectiveness of the care, since it constitutes the process through which the doctor–patient relationship becomes therapeutic. The knowledge of relevance of the placebo effect for each specific pain disorder is recommended to exploit its potential. For example, placebo response is generally small in central neuropathic pain, where pharmacological and non-pharmacological treatments have also limited efficacy, while it appears to represent half of the effect of active treatments in the prophylaxis of primary headaches. This information is central to shape the communication with the patient, allowing to provide a trustworthy explanation of the positive effects of the therapeutic context.

It is increasingly acknowledged that concealment is not necessary for the placebo effect to take place. Research on open-label placebos treatments, i.e., non-deceptive treatments in which the participants are alerted that the therapeutic mean is inert, but are informed about the effects of the administration of placebos, corroborates this claim. Further studies are needed, but open-label placebo treatments seem to have a similar or even higher efficacy than deceptive ones and are associated with marked improvement of symptoms of a variety of conditions (65–70). These treatments are more easily accepted by patients (71) and overcome the ethical and legal implications of the deceitful prescription of placebos, which violates the principle of the informed consent and may affect the trust that shape the doctor–patient relationship (72, 73).

Various techniques can be used to improve the patient’s symptoms through placebo mechanisms. A possible strategy is to maximize the patient’s expectations regarding the treatment. This can be done by informing the patient on the nature and effects of placebo analgesia, by assessing the appropriateness of the patient’s beliefs about his disorder and its treatment and providing information in case they are excessively positive or negative. In this case, it would be important to balance the information regarding the positive and negative effects of the treatment, underlying the role of the positive ones despite its undesired effects, and by cognitively reinforcing the impact of the positive outcomes as they appear (74–76). Furthermore, it is possible to exploit conditioning mechanisms to support the pharmacological therapy. Once the person associates the characteristics of the analgesic agent, such as appearance and taste, to the reduction of pain, it could be possible to employ inert substitutes with the same characteristics to obtain similar results (6). Using similar methods, it would be possible, after an adequate initial conditioning, to progressively reduce the administration of medication by alternatively switching to a placebo with similar characteristics (74, 77). Finally, the patient can also be trained to create those conditions that maximize the placebo effect, for example by focusing on the characteristics of the analgesic agent or by increasing his own expectations through appropriate information (75).

It should be underscored that all these techniques need to take place within the context of a doctor–patient relationship. The relational aspect of the placebo effect resides in the person’s feeling of being taken care for and in the process by which he himself becomes an active agent of the therapy (78). Having an empathic attitude, reassuring the patient, helping him to self-manage his symptoms, emphasizing the role of interpersonal resources and creating therapeutic rituals during therapy represent key aspects of the relationship.

In conclusion, the neurorehabilitation team needs to address a variety of disorders, each of which responds differently to the placebo effect. It is, therefore, necessary to personalize all these features depending on the disorder and on the patient’s characteristics. Studies are beginning to clarify the genetic, biological, psychological, and contextual factors that may enable to identify subjects with high or low likelihood of experiencing a placebo response (22, 28). To exploit the placebo effect, the doctor should collect information regarding not only about the patient’s disorder, but also about his personal characteristics and his context (74). The context of the doctor–patient relationship should be shaped so that the doctor does not focus only on the treatment of pain as a symptom of the neurological disorder, but is able to take care of the person as a whole.



THE ITALIAN CONSENSUS CONFERENCE ON PAIN IN NEUROREHABILITATION

The following Authors, who are listed in alphabetical order, contributed to the work of the Italian Consensus Conference on Pain in Neurorehabilitation: Michela Agostini, Neurorehabilitation Department, Foundation IRCCS San Camillo Hospital, Venice, Italy; Enrico Alfonsi, C. Mondino National Institute of Neurology Foundation, IRCCS, Pavia, Italy; Anna Maria Aloisi, Department of Medicine, Surgery and Neuroscience, University of Siena, Siena, Italy; Elena Alvisi, Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy; Irene Aprile, Don Gnocchi Foundation, Milan, Italy; Michela Armando, Department of Neuroscience and Neurorehabilitation, Bambin Gesù Children’s Hospital, IRCCS, Rome, Italy; Micol Avenali, C. Mondino National Institute of Neurology Foundation, IRCCS, Pavia, Italy, Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy; Eva Azicnuda, IRCCS Santa Lucia Foundation, Rome, Italy; Francesco Barale, Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy; Michelangelo Bartolo, Neurorehabilitation Unit, IRCCS INM Neuromed, Pozzilli, Italy; Roberto Bergamaschi, C. Mondino National Institute of Neurology Foundation, IRCCS, Pavia, Italy; Mariangela Berlangieri, Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy; Vanna Berlincioni, Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy; Laura Berliocchi, Department of Health Sciences, University Magna Graecia of Catanzaro, Catanzaro, Italy; Eliana Berra, C. Mondino National Institute of Neurology Foundation, IRCCS, Pavia, Italy; Giulia Berto, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Silvia Bonadiman, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Sara Bonazza, Department of Surgery, University of Verona, Verona, Italy; Federica Bressi, Campus Biomedico University, Rome, Italy; Annalisa Brugnera, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Stefano Brunelli, IRCCS Santa Lucia Foundation, Rome, Italy; Maria Gabriella Buzzi, IRCCS Santa Lucia Foundation, Rome, Italy; Carlo Cacciatori, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Andrea Calvo, Rita Levi Montalcini Department of Neuroscience, University of Turin, Turin, Italy; Cristina Cantarella, Physical and Rehabilitation Medicine Unit, Tor Vergata University, Rome, Italy; Augusto Caraceni, Palliative Care, Pain Therapy and Rehabilitation, Fondazione IRCCS Istituto Nazionale dei Tumori di Milano, Milan, Italy; Roberto Carone, Neuro- Urology Department, City Hospital Health and Science of the City of Turin, Turin, Italy; Elena Carraro, Neuropediatric Rehabilitation Unit, E. Medea Scientific Institute, Conegliano, Italy; Roberto Casale, Department of Clinical Neurophysiology and Pain Rehabilitation Unit, Foundation Salvatore Maugeri IRCCS, Montescano, Italy; Paola Castellazzi, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Gianluca Castelnuovo, Psychology Research Laboratory, Istituto Auxologico Italiano IRCCS, Ospedale San Giuseppe, Verbania, Italy, Department of Psychology, Catholic University of Milan, Italy; Adele Castino, ASL of the Province of Lodi, Lodi, Italy; Rosanna Cerbo, Hub Terapia del Dolore Regione Lazio, Policlinico Umberto I, Sapienza University, Rome Italy; Adriano Chiò, Rita Levi Montalcini Department of Neuroscience, University of Turin, Turin, Italy; Cristina Ciotti, Physical and Rehabilitation Medicine Unit, Tor Vergata University, Rome, Italy; Carlo Cisari, Department of Health Sciences, Università del Piemonte Orientale, Novara, Italy; Daniele Coraci, Department of Orthopaedic Science, Sapienza University, Rome, Italy; Elena Dalla Toffola, Department of Clinical, Surgical, Diagnostic and Pediatric Sciences, University of Pavia, Pavia, Italy, IRCCS Policlinico San Matteo Foundation, Pavia; Giovanni Defazio, Department of Basic Medical Sciences, Neuroscience and Sensory Organs, Aldo Moro University of Bari, Bari, Italy; Roberto De Icco, C. Mondino National Institute of Neurology Foundation, IRCCS, Pavia, Italy, Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy; Ubaldo Del Carro, Section of Clinical Neurophysiology and Neurorehabilitation, San Raffaele Hospital, Milan, Italy; Andrea Dell'Isola, Department of Health Sciences, Università del Piemonte Orientale, Novara, Italy; Antonio De Tanti, Cardinal Ferrari Rehabilitation Center, Santo Stefano Rehabilitation Institute, Fontanellato, Italy; Mariagrazia D'Ippolito, IRCCS Santa Lucia Foundation, Rome, Italy; Elisa Fazzi, Childhood and Adolescence Neurology and Psychiatry Unit, City Hospital, Brescia, Italy, Department of Clinical and Experimental Sciences, University of Brescia, Brescia, Italy; Adriano Ferrari, Children Rehabilitation Unit, IRCCS Arcispedale S.Maria Nuova, Reggio Emilia, Italy; Sergio Ferrari, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Francesco Ferraro, Section of Neuromotor Rehabilitation, Department of Neuroscience, Azienda Ospedaliera Carlo Poma, Mantova, Italy; Fabio Formaglio, Palliative Care, Pain Therapy and Rehabilitation, Fondazione IRCCS Istituto Nazionale dei Tumori di Milano, Milan, Italy; Rita Formisano, IRCCS Santa Lucia Foundation, Rome, Italy; Simone Franzoni, Poliambulanza Foundation Istituto Ospedaliero, Geriatric Research Group, Brescia, Italy; Francesca Gajofatto, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Marialuisa Gandolfi, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Barbara Gardella, IRCCS Policlinico San Matteo Foundation, Pavia; Pierangelo Geppetti, Department of Health Sciences, Section of Clinical Pharmacology and Oncology, University of Florence, Florence, Italy; Alessandro Giammò, Neuro-Urology Department, City Hospital Health and Science of the City of Turin, Turin, Italy; Raffaele Gimigliano, Department of Physical and Mental Health, Second University of Naples, Naples, Italy; Emanuele Maria Giusti, Department of Psychology, Catholic University of Milan, Italy; Elena Greco, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Valentina Ieraci, Department of Oncology and Neuroscience, University of Turin, City Hospital Health and Science of the City of Turin, Turin, Turin, Italy; Marco Invernizzi, Department of Health Sciences, Università del Piemonte Orientale, Novara, Italy; Marco Jacopetti, University of Parma, Parma, Italy; Marco Lacerenza, Casa di Cura San Pio X S.r.l., HUMANITAS, Milan, Italy; Silvia La Cesa, Department of Neurology and Psychiatry, University Sapienza, Rome, Italy; Davide Lobba, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Gian Mauro Manzoni, Psychology Research Laboratory, Istituto Auxologico Italiano IRCCS, Ospedale San Giuseppe, Verbania, Italy, Department of Psychology, Catholic University of Milan, Italy; Francesca Magrinelli, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Silvia Mandrini, Department of Clinical, Surgical, Diagnostic and Pediatric Sciences, University of Pavia, Pavia, Italy; Umberto Manera, Rita Levi Montalcini Department of Neuroscience, University of Turin, Turin, Italy; Paolo Marchettini, Pain Medicine Center, Hospital San Raffaele, Milan, Italy; Enrico Marchioni, C. Mondino National Institute of Neurology Foundation, IRCCS, Pavia, Italy; Sara Mariotto, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Andrea Martinuzzi, Neuropediatric Rehabilitation Unit, E. Medea Scientific Institute, Conegliano, Italy; Marella Masciullo, IRCCS Santa Lucia Foundation, Rome, Italy; Susanna Mezzarobba, Department of Medicine, Surgery and Health Sciences, University of Trieste, Trieste, Italy; Danilo Miotti, Palliative Care and Pain Therapy Unit, Fondazione Salvatore Maugeri IRCCS, Scientific Institute of Pavia, Pavia, Italy; Angela Modenese, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Marco Molinari, IRCCS Santa Lucia Foundation, Rome, Italy; Salvatore Monaco, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Giovanni Morone, IRCCS Santa Lucia Foundation, Rome, Italy; Rossella Nappi, Department of Clinical, Surgical, Diagnostic and Pediatric Sciences, University of Pavia, Pavia, Italy, IRCCS Policlinico San Matteo Foundation, Pavia; Stefano Negrini, Don Gnocchi Foundation, Milan, Italy, Department of Clinical and Experimental Sciences, University of Brescia, Brescia, Italy; Andrea Pace, Neuro-Oncology Unit, Regina Elena National Cancer Institute of Rome, Rome, Italy; Luca Padua, Don Gnocchi Foundation, Milan, Italy, Institute of Neurology, Catholic University, Rome, Italy; Emanuela Pagliano, Developmental Neurology Unit, C. Besta Neurological Institute Foundation, Milan, Italy; Valerio Palmerini, Hub Terapia del Dolore Regione Lazio, Policlinico Umberto I, Sapienza University, Rome Italy; Stefano Paolucci, IRCCS Santa Lucia Foundation, Rome, Italy; Costanza Pazzaglia, Don Gnocchi Foundation, Milan, Italy; Cristiano Pecchioli, Don Gnocchi Foundation, Milan, Italy; Alessandro Picelli, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Carlo Adolfo Porro, Department of Biomedical, Metabolic and Neural Sciences, University of Modena and Reggio Emilia, Modena, Italy; Daniele Porru, IRCCS Policlinico San Matteo Foundation, Pavia; Marcello Romano, Neurology Unit, Azienda Ospedaliera Ospedali Riuniti Villa Sofia Cervello, Palermo, Italy; Laura Roncari, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Riccardo Rosa, Hub Terapia del Dolore Regione Lazio, Policlinico Umberto I, Sapienza University, Rome Italy; Marsilio Saccavini, ASL 2 Bassa Friulana-Isontina, Italy; Paola Sacerdote, Department of Pharmacological and Biomolecular Sciences, University of Milano, Milano, Italy; Giorgio Sandrini, C. Mondino National Institute of Neurology Foundation, IRCCS, Pavia, Italy, Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy; Donatella Saviola, Cardinal Ferrari Rehabilitation Center, Santo Stefano Rehabilitation Institute, Fontanellato, Italy; Angelo Schenone, Department of Neuroscience, Rehabilitation, Ophthalmology, Genetics, Maternal and Child Health (DiNOGMI), University of Genoa, Genoa, Italy; Vittorio Schweiger, Department of Surgery, University of Verona, Verona, Italy; Giorgio Scivoletto, IRCCS Santa Lucia Foundation, Rome, Italy; Nicola Smania, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Claudio Solaro, Neurology Unit, ASL3, Genoa, Italy; Vincenza Spallone, Department of Systems Medicine, University Tor Vergata, Rome, Italy; Isabella Springhetti, Functional Recovery and Rehabilitation Unit, IRCCS Fondazione S. Maugeri, Pavia, Italy; Stefano Tamburin, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Cristina Tassorelli, C. Mondino National Institute of Neurology Foundation, IRCCS, Pavia, Italy, Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy; Michele Tinazzi, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Rossella Togni, Department of Clinical, Surgical, Diagnostic and Pediatric Sciences, University of Pavia, Pavia, Italy; Monica Torre, IRCCS Santa Lucia Foundation, Rome, Italy; Riccardo Torta, Department of Oncology and Neuroscience, University of Turin, City Hospital Health and Science of the City of Turin, Turin, Turin, Italy; Marco Traballesi, IRCCS Santa Lucia Foundation, Rome, Italy; Marco Tramontano, IRCCS Santa Lucia Foundation, Rome, Italy; Andrea Truini, Department of Neurology and Psychiatry, University Sapienza, Rome, Italy; Valeria Tugnoli, Neurological Unit, University Hospital of Ferrara, Ferrara, Italy; Andrea Turolla, Neurorehabilitation Department, Foundation IRCCS San Camillo Hospital, Venice, Italy; Gabriella Vallies, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Elisabetta Verzini, Department of Neurological and Movement Sciences, University of Verona, Verona, Italy; Mario Vottero, Neuro-Urology Department, City Hospital Health and Science of the City of Turin, Turin, Italy; Paolo Zerbinati, Neuro- orthopaedic Program, Hand Surgery Department, Santa Maria Hospital MultiMedica, Castellanza, Italy.



AUTHOR'S NOTE

This paper has been written and shared in the Consensus Conference modality.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

1. Benedetti F, Frisaldi E, Carlino E, Giudetti L, Pampallona A, Zibetti M, et al. Teaching neurons to respond to placebos. J Physiol (2016) 594:5647–60. doi:10.1113/JP271322

2. Dodd S, Dean OM, Vian J, Berk M. A review of the theoretical and biological understanding of the nocebo and placebo phenomena. Clin Ther (2017) 39:469–76. doi:10.1016/j.clinthera.2017.01.010

3. Benrud-Larson LM, Wegener ST. Chronic pain in neurorehabilitation populations: prevalence, severity and impact. NeuroRehabilitation (2000) 14:127–37.

4. Magrinelli F, Zanette G, Tamburin S. Neuropathic pain: diagnosis and treatment. Pract Neurol (2013) 13:292–307. doi:10.1136/practneurol-2013-000536

5. Tamburin S, Paolucci S, Magrinelli F, Musicco M, Sandrini G. The Italian Consensus Conference on Pain in Neurorehabilitation: rationale and methodology. J Pain Res (2016) 9:311–8. doi:10.2147/JPR.S84646

6. Klinger R, Flor H. Clinical and ethical implications of placebo effects: enhancing patients’ benefits from pain treatment. Handb Exp Pharmacol (2014) 225:217–35. doi:10.1007/978-3-662-44519-8_13

7. Miller FG, Kaptchuk TJ. The power of context: reconceptualizing the placebo effect. J R Soc Med (2008) 101:222–5. doi:10.1258/jrsm.2008.070466

8. Price DD, Finniss DG, Benedetti F. A comprehensive review of the placebo effect: recent advances and current thought. Annu Rev Psychol (2008) 59:565–90. doi:10.1146/annurev.psych.59.113006.095941

9. Crane GS. Harnessing the placebo effect: a new model for mind-body healing mechanisms. Int J Trans Stud (2016) 35:39–51. doi:10.24972/ijts.2016.35.1.39

10. Benedetti F. Placebo and the new physiology of the doctor-patient relationship. Physiol Rev (2013) 93:1207–46. doi:10.1152/physrev.00043.2012

11. Benedetti F. Placebo-induced improvements: how therapeutic rituals affect the patient’s brain. J Acupunct Meridian Stud (2012) 5:97–103. doi:10.1016/j.jams.2012.03.001

12. Colagiuri B, Schenk LA, Kessler MD, Dorsey SG, Colloca L. The placebo effect: from concepts to genes. Neuroscience (2015) 307:171–90. doi:10.1016/j.neuroscience.2015.08.017

13. Levine JD, Gordon NC, Fields HL. The mechanism of placebo analgesia. Lancet (1978) 2:654–7. doi:10.1016/S0140-6736(78)92762-9

14. Benedetti F, Amanzio M, Casadio C, Oliaro A, Maggi G. Blockade of nocebo hyperalgesia by the cholecystokinin antagonist proglumide. Pain (1997) 71:135–40. doi:10.1016/S0304-3959(97)03346-0

15. Amanzio M, Benedetti F. Neuropharmacological dissection of placebo analgesia: expectation-activated opioid systems versus conditioning-activated specific subsystems. J Neurosci (1999) 19:484–94. doi:10.1523/JNEUROSCI.19-01-00484.1999

16. Scott DJ, Stohler CS, Egnatuk CM, Wang H, Koeppe RA, Zubieta JK. Individual differences in reward responding explain placebo-induced expectations and effects. Neuron (2007) 55:325–36. doi:10.1016/j.neuron.2007.06.028

17. Scott DJ, Stohler CS, Egnatuk CM, Wang H, Koeppe RA, Zubieta JK. Placebo and nocebo effects are defined by opposite opioid and dopaminergic responses. Arch Gen Psychiatry (2008) 65:220–31. doi:10.1001/archgenpsychiatry.2007.34

18. Eippert F, Bingel U, Schoell ED, Yacubian J, Klinger R, Lorenz J, et al. Activation of the opioidergic descending pain control system underlies placebo analgesia. Neuron (2009) 63:533–43. doi:10.1016/j.neuron.2009.07.014

19. Zubieta J-K, Stohler CS. Neurobiological mechanisms of placebo responses. Ann N Y Acad Sci (2009) 1156:198–210. doi:10.1111/j.1749-6632.2009.04424.x

20. Benedetti F, Amanzio M, Rosato R, Blanchard C. Nonopioid placebo analgesia is mediated by CB1 cannabinoid receptors. Nat Med (2011) 17:1228–30. doi:10.1038/nm.2435

21. Carlino E, Piedimonte A, Benedetti F. Nature of the placebo and nocebo effect in relation to functional neurologic disorders. Handb Clin Neurol (2017) 139:597–606. doi:10.1016/B978-0-12-801772-2.00048-5

22. Wang RS, Hall KT, Giulianini F, Passow D, Kaptchuk TJ, Loscalzo J. Network analysis of the genomic basis of the placebo effect. JCI Insight (2017) 2:93911. doi:10.1172/jci.insight.93911

23. Hall KT, Loscalzo J, Kaptchuk T. Pharmacogenomics and the placebo response. ACS Chem Neurosci (2018) 9(4):633–5. doi:10.1021/acschemneuro.8b00078

24. Wager TD, Atlas LY, Leotti LA, Rilling JK. Predicting individual differences in placebo analgesia: contributions of brain activity during anticipation and pain experience. J Neurosci (2011) 31:439–52. doi:10.1523/JNEUROSCI.3420-10.2011

25. Geers AL, Helfer SG, Kosbab K, Weiland PE, Landry SJ. Reconsidering the role of personality in placebo effects: dispositional optimism, situational expectations, and the placebo response. J Psychosom Res (2005) 58:121–7. doi:10.1016/j.jpsychores.2004.08.011

26. Morton DL, Watson A, El-Deredy W, Jones AK. Reproducibility of placebo analgesia: effect of dispositional optimism. Pain (2009) 146:194–8. doi:10.1016/j.pain.2009.07.026

27. Geers AL, Wellman JA, Fowler SL, Helfer SG, France CR. Dispositional optimism predicts placebo analgesia. J Pain (2010) 11:1165–71. doi:10.1016/j.jpain.2010.02.014

28. Pecina M, Azhar H, Love TM, Lu T, Fredrickson BL, Stohler CS, et al. Personality trait predictors of placebo analgesia and neurobiological correlates. Neuropsychopharmacology (2013) 38:639–46. doi:10.1038/npp.2012.227

29. Darragh M, Booth RJ, Consedine NS. Who responds to placebos? Considering the “placebo personality” via a transactional model. Psychol Health Med (2015) 20:287–95. doi:10.1080/13548506.2014.936885

30. De Pascalis V, Chiaradia C, Carotenuto E. The contribution of suggestibility and expectation to placebo analgesia phenomenon in an experimental setting. Pain (2002) 96:393–402. doi:10.1016/S0304-3959(01)00485-7

31. Raz A. Genetics and neuroimaging of attention and hypnotizability may elucidate placebo. Int J Clin Exp Hypn (2008) 56:99–116. doi:10.1080/00207140701506482

32. Van Der Meulen M, Kamping S, Anton F. The role of cognitive reappraisal in placebo analgesia: an fMRI study. Soc Cogn Affect Neurosci (2017) 12(7):1128–37. doi:10.1093/scan/nsx033

33. Watkinson A, Chapman SC, Horne R. Beliefs about pharmaceutical medicines and natural remedies explain individual variation in placebo analgesia. J Pain (2017) 18(8):908–22. doi:10.1016/j.jpain.2017.02.435

34. Colloca L, Benedetti F. How prior experience shapes placebo analgesia. Pain (2006) 124:126–33. doi:10.1016/j.pain.2006.04.005

35. Schweinhardt P, Seminowicz DA, Jaeger E, Duncan GH, Bushnell MC. The anatomy of the mesolimbic reward system: a link between personality and the placebo analgesic response. J Neurosci (2009) 29:4882–7. doi:10.1523/JNEUROSCI.5634-08.2009

36. Aromataris E, Fernandez R, Godfrey CM, Holly C, Khalil H, Tungpunkom P. Summarizing systematic reviews: methodological development, conduct and reporting of an umbrella review approach. Int J Evid Based Healthc (2015) 13:132–40. doi:10.1097/XEB.0000000000000055

37. Mbizvo GK, Nolan SJ, Nurmikko TJ, Goebel A. Placebo responses in long-standing complex regional pain syndrome: a systematic review and meta-analysis. J Pain (2015) 16:99–115. doi:10.1016/j.jpain.2014.11.008

38. Hauser W, Sarzi-Puttini P, Tolle TR, Wolfe F. Placebo and nocebo responses in randomised controlled trials of drugs applying for approval for fibromyalgia syndrome treatment: systematic review and meta-analysis. Clin Exp Rheumatol (2012) 30:78–87.

39. Loder E, Goldstein R, Biondi D. Placebo effects in oral triptan trials: the scientific and ethical rationale for continued use of placebo controls. Cephalalgia (2005) 25:124–31. doi:10.1111/j.1468-2982.2004.00817.x

40. Macedo A, Banos JE, Farre M. Placebo response in the prophylaxis of migraine: a meta-analysis. Eur J Pain (2008) 12:68–75. doi:10.1016/j.ejpain.2007.03.002

41. Meissner K, Fassler M, Rucker G, Kleijnen J, Hrobjartsson A, Schneider A, et al. Differential effectiveness of placebo treatments: a systematic review of migraine prophylaxis. JAMA Intern Med (2013) 173:1941–51. doi:10.1001/jamainternmed.2013.10391

42. Cragg JJ, Warner FM, Finnerup NB, Jensen MP, Mercier C, Richards JS, et al. Meta-analysis of placebo responses in central neuropathic pain: impact of subject, study, and pain characteristics. Pain (2016) 157:530–40. doi:10.1097/j.pain.0000000000000431

43. Arakawa A, Kaneko M, Narukawa M. An investigation of factors contributing to higher levels of placebo response in clinical trials in neuropathic pain: a systematic review and meta-analysis. Clin Drug Investig (2015) 35:67–81. doi:10.1007/s40261-014-0259-1

44. Cepeda MS, Berlin JA, Gao CY, Wiegand F, Wada DR. Placebo response changes depending on the neuropathic pain syndrome: results of a systematic review and meta-analysis. Pain Med (2012) 13:575–95. doi:10.1111/j.1526-4637.2012.01340.x

45. Quessy SN, Rowbotham MC. Placebo response in neuropathic pain trials. Pain (2008) 138:479–83. doi:10.1016/j.pain.2008.06.024

46. Tuttle AH, Tohyama S, Ramsay T, Kimmelman J, Schweinhardt P, Bennett GJ, et al. Increasing placebo responses over time in U.S. clinical trials of neuropathic pain. Pain (2015) 156:2616–26. doi:10.1097/j.pain.0000000000000333

47. Madsen MV, Gotzsche PC, Hrobjartsson A. Acupuncture treatment for pain: systematic review of randomised clinical trials with acupuncture, placebo acupuncture, and no acupuncture groups. BMJ (2009) 338:a3115. doi:10.1136/bmj.a3115

48. Naleschinski D, Baron R. Complex regional pain syndrome type I: neuropathic or not? Curr Pain Headache Rep (2010) 14:196–202. doi:10.1007/s11916-010-0115-9

49. Amanzio M, Corazzini LL, Vase L, Benedetti F. A systematic review of adverse events in placebo groups of anti-migraine clinical trials. Pain (2009) 146:261–9. doi:10.1016/j.pain.2009.07.010

50. Zhang W, Robertson J, Jones AC, Dieppe PA, Doherty M. The placebo effect and its determinants in osteoarthritis: meta-analysis of randomised controlled trials. Ann Rheum Dis (2008) 67:1716–23. doi:10.1136/ard.2008.092015

51. Bannuru RR, Mcalindon TE, Sullivan MC, Wong JB, Kent DM, Schmid CH. Effectiveness and implications of alternative placebo treatments: a systematic review and network meta-analysis of osteoarthritis trials. Ann Intern Med (2015) 163:365–72. doi:10.7326/M15-0623

52. Kuten-Shorrer M, Kelley JM, Sonis ST, Treister NS. Placebo effect in burning mouth syndrome: a systematic review. Oral Dis (2014) 20:e1–6. doi:10.1111/odi.12192

53. Capurso G, Cocomello L, Benedetto U, Camma C, Delle Fave G. Meta-analysis: the placebo rate of abdominal pain remission in clinical trials of chronic pancreatitis. Pancreas (2012) 41:1125–31. doi:10.1097/MPA.0b013e318249ce93

54. Hrobjartsson A, Gotzsche PC. Is the placebo powerless? Update of a systematic review with 52 new randomized trials comparing placebo with no treatment. J Intern Med (2004) 256:91–100. doi:10.1111/j.1365-2796.2004.01355.x

55. Wager TD, Fields HL. Placebo analgesia. 6th ed. In: Mcmahon SB, Koltzenburg M, Tracey I, Turk D, editors. Wall and Melzack’s Textbook of Pain. Philadelhia, PA: Elsevier Saunders (2013). p. 362–73.

56. Vase L, Skyt I, Hall KT. Placebo, nocebo, and neuropathic pain. Pain (2016) 157(Suppl 1):S98–105. doi:10.1097/j.pain.0000000000000445

57. Vase L, Petersen GL, Riley JL III, Price DD. Factors contributing to large analgesic effects in placebo mechanism studies conducted between 2002 and 2007. Pain (2009) 145:36–44. doi:10.1016/j.pain.2009.04.008

58. Bartolo M, Chio A, Ferrari S, Tassorelli C, Tamburin S, Avenali M, et al. Assessing and treating pain in movement disorders, amyotrophic lateral sclerosis, severe acquired brain injury, disorders of consciousness, dementia, oncology and neuroinfectivology. Evidence and recommendations from the Italian Consensus Conference on Pain in Neurorehabilitation. Eur J Phys Rehabil Med (2016) 52:841–54.

59. Castelnuovo G, Giusti EM, Manzoni GM, Saviola D, Gatti A, Gabrielli S, et al. Psychological considerations in the assessment and treatment of pain in neurorehabilitation and psychological factors predictive of therapeutic response: evidence and recommendations from the Italian consensus conference on pain in neurorehabilitation. Front Psychol (2016) 7:468. doi:10.3389/fpsyg.2016.00468

60. Castelnuovo G, Giusti EM, Manzoni GM, Saviola D, Gatti A, Gabrielli S, et al. Psychological treatments and psychotherapies in the neurorehabilitation of pain: evidences and recommendations from the Italian consensus conference on pain in neurorehabilitation. Front Psychol (2016) 7:115. doi:10.3389/fpsyg.2016.00115

61. Ferraro F, Jacopetti M, Spallone V, Padua L, Traballesi M, Brunelli S, et al. Diagnosis and treatment of pain in plexopathy, radiculopathy, peripheral neuropathy and phantom limb pain. Evidence and recommendations from the Italian Consensus Conference on Pain on Neurorehabilitation. Eur J Phys Rehabil Med (2016) 52:855–66.

62. Paolucci S, Martinuzzi A, Scivoletto G, Smania N, Solaro C, Aprile I, et al. Assessing and treating pain associated with stroke, multiple sclerosis, cerebral palsy, spinal cord injury and spasticity. Evidence and recommendations from the Italian Consensus Conference on Pain in Neurorehabilitation. Eur J Phys Rehabil Med (2016) 52:827–40.

63. Picelli A, Buzzi MG, Cisari C, Gandolfi M, Porru D, Bonadiman S, et al. Headache, low back pain, other nociceptive and mixed pain conditions in neurorehabilitation. Evidence and recommendations from the Italian Consensus Conference on Pain in Neurorehabilitation. Eur J Phys Rehabil Med (2016) 52:867–80.

64. Tamburin S, Lacerenza MR, Castelnuovo G, Agostini M, Paolucci S, Bartolo M, et al. Pharmacological and non-pharmacological strategies in the integrated treatment of pain in neurorehabilitation. Evidence and recommendations from the Italian Consensus Conference on Pain in Neurorehabilitation. Eur J Phys Rehabil Med (2016) 52:741–52.

65. Kaptchuk TJ, Friedlander E, Kelley JM, Sanchez MN, Kokkotou E, Singer JP, et al. Placebos without deception: a randomized controlled trial in irritable bowel syndrome. PLoS One (2010) 5:e15591. doi:10.1371/journal.pone.0015591

66. Kam-Hansen S, Jakubowski M, Kelley JM, Kirsch I, Hoaglin DC, Kaptchuk TJ, et al. Altered placebo and drug labeling changes the outcome of episodic migraine attacks. Sci Transl Med (2014) 6:218ra215. doi:10.1126/scitranslmed.3006175

67. Carvalho C, Caetano JM, Cunha L, Rebouta P, Kaptchuk TJ, Kirsch I. Open-label placebo treatment in chronic low back pain: a randomized controlled trial. Pain (2016) 157:2766–72. doi:10.1097/j.pain.0000000000000700

68. Charlesworth JEG, Petkovic G, Kelley JM, Hunter M, Onakpoya I, Roberts N, et al. Effects of placebos without deception compared with no treatment: a systematic review and meta-analysis. J Evid Based Med (2017) 10:97–107. doi:10.1111/jebm.12251

69. Locher C, Frey Nascimento A, Kirsch I, Kossowsky J, Meyer A, Gaab J. Is the rationale more important than deception? A randomized controlled trial of open-label placebo analgesia. Pain (2017) 158(12):2320–8. doi:10.1097/j.pain.0000000000001012

70. Mundt JM, Roditi D, Robinson ME. A comparison of deceptive and non-deceptive placebo analgesia: efficacy and ethical consequences. Ann Behav Med (2017) 51:307–15. doi:10.1007/s12160-016-9854-0

71. Martin AL, Katz J. Inclusion of authorized deception in the informed consent process does not affect the magnitude of the placebo effect for experimentally induced pain. Pain (2010) 149:208–15. doi:10.1016/j.pain.2009.12.004

72. Brody H. The lie that heals: the ethics of giving placebos. Ann Intern Med (1982) 97:112–8. doi:10.7326/0003-4819-97-1-112

73. Finniss DG, Kaptchuk TJ, Miller F, Benedetti F. Placebo effects: biological, clinical and ethical advances. Lancet (2010) 375:686–95. doi:10.1016/S0140-6736(09)61706-2

74. Enck P, Bingel U, Schedlowski M, Rief W. The placebo response in medicine: minimize, maximize or personalize? Nat Rev Drug Discov (2013) 12:191–204. doi:10.1038/nrd3923

75. Klinger R, Colloca L, Bingel U, Flor H. Placebo analgesia: clinical applications. Pain (2014) 155:1055–8. doi:10.1016/j.pain.2013.12.007

76. Bystad M, Bystad C, Wynn R. How can placebo effects best be applied in clinical practice? A narrative review. Psychol Res Behav Manage (2015) 8:41–5. doi:10.2147/PRBM.S75670

77. Doering BK, Rief W. Utilizing placebo mechanisms for dose reduction in pharmacotherapy. Trends Pharmacol Sci (2012) 33:165–72. doi:10.1016/j.tips.2011.12.001

78. Barrett B, Muller D, Rakel D, Rabago D, Marchand L, Scheder JC. Placebo, meaning, and health. Perspect Biol Med (2006) 49:178–98. doi:10.1353/pbm.2006.0019

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

Copyright © 2018 Castelnuovo, Giusti, Manzoni, Saviola, Gabrielli, Lacerenza, Pietrabissa, Cattivelli, Spatola, Rossi, Varallo, Novelli, Villa, Luzzati, Cottini, Lai, Volpato, Cavalera, Pagnini, Tesio, Castelli, Tavola, Torta, Arreghini, Zanini, Brunani, Seitanidis, Ventura, Capodaglio, D’Aniello, Scarpina, Brioschi, Bigoni, Priano, Mauro, Riva, Di Lernia, Repetto, Regalia, Molinari, Notaro, Paolucci, Sandrini, Simpson, Wiederhold, Gaudio, Jackson, Tamburin, Benedetti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	CLINICAL STUDY PROTOCOL
published: 28 August 2018
doi: 10.3389/fneur.2018.00730






[image: image2]

Assessment of the Efficacy of ReoGo-J Robotic Training Against Other Rehabilitation Therapies for Upper-Limb Hemiplegia After Stroke: Protocol for a Randomized Controlled Trial


Takashi Takebayashi1*, Kayoko Takahashi2, Satoru Amano3, Yuki Uchiyama4, Masahiko Gosho5, Kazuhisa Domen6 and Kenji Hachisuka7


1Department of Occupational Therapy, School of Health Science and Social Welfare, Kibi International University, Takahashi, Japan

2Department of Rehabilitation, School of Allied Health Science, Kitasato University, Sagamihara-shi, Japan

3Department of Rehabilitation, The Hospital of Hyogo College of Medicine, Nishinomiya-shi, Japan

4Department of Rehabilitation, Hyogo College of Medicine, Nishinomiya-shi, Japan

5Department of Biostatistics, Faculty of Medicine, University of Tsukuba, Tsukuba, Japan

6Department of Rehabilitation Medicine, Hyogo College of Medicine, Nishinomiya, Japan

7Kyushu Rosai Hospital, Moji Medical Center, Kita-kyushu-shi, Japan

Edited by:
Giorgio Sandrini, University of Pavia, Italy

Reviewed by:
Craig S. Anderson, University of New South Wales, Australia
 Michelangelo Bartolo, Casa di Cura Habilita SpA, Italy

* Correspondence: Takashi Takebayashi, takshi77@gmail.com; takshi77@kiui.ac.jp

Specialty section: This article was submitted to Stroke, a section of the journal Frontiers in Neurology

Received: 21 May 2018
 Accepted: 10 August 2018
 Published: 28 August 2018

Citation: Takebayashi T, Takahashi K, Amano S, Uchiyama Y, Gosho M, Domen K and Hachisuka K (2018) Assessment of the Efficacy of ReoGo-J Robotic Training Against Other Rehabilitation Therapies for Upper-Limb Hemiplegia After Stroke: Protocol for a Randomized Controlled Trial. Front. Neurol. 9:730. doi: 10.3389/fneur.2018.00730



Background: Stroke patients experience chronic hemiparesis in their upper extremities leaving negative effects on quality of life. Robotic therapy is one method to recover arm function, but its research is still in its infancy. Research questions of this study is to investigate how to maximize the benefit of robotic therapy using ReoGo-J for arm hemiplegia in chronic stroke patients.

Methods: Design of this study is a multi-center parallel group trial following the prospective, randomized, open-label, blinded endpoint (PROBE) study model. Participants and setting will be 120 chronic stroke patients (over 6 months post-stroke) will be randomly allocated to three different rehabilitation protocols. In this study, the control group will receive 20 min of standard rehabilitation (conventional occupational therapy) and 40 min of self-training (i.e., sanding, placing and stretching). The robotic therapy group will receive 20 min of standard rehabilitation and 40 min of robotic therapy using ReoGo®-J device. The combined therapy group will receive 40 min of robotic therapy and 20 min of constraint-induced movement therapy (protocol to improve upper-limb use in ADL suggests). This study employs the Fugl-Meyer Assessment upper-limb score (primary outcome), other arm function measures and the Stroke Impact Scale score will be measured at baseline, 5 and 10 weeks of the treatment phase. In analysis of this study, we use the mixed effects model for repeated measures to compare changes in outcomes between groups at 5 and 10 Weeks. The registration number of this study is UMIN000022509.

Conclusions: This study is a feasible, multi-site randomized controlled trial to examine our hypothesis that combined training protocol could maximize the benefit of robotic therapy and best effective therapeutic strategy for patients with upper-limb hemiparesis.

Keywords: stroke, robotics, upper-extremity, paresis, constraint-induced movement therapy


INTRODUCTION

Severe, persistent paresis occurs in over 40% of stroke patients (1) and is reported to significantly decrease their quality of life (2). Thus, much research has been conducted to develop interventions, with many specifically targeting upper extremity hemiplegia. Among the many examples of neuroscience-based rehabilitation (neuro-rehabilitation) strategies, there is strong evidence supporting robotic therapy, constraint-induced movement therapy (CIMT), and task-oriented training (3, 4).

Robotic therapy is considered an effective intervention for mild to severe hemiplegic arm (5, 6), and is cost-effective for chronic stroke patients in terms of both manpower and medical costs (7, 8). However, its effects may be limited for some patients. Some researchers have found that robotic therapy effectively improves arm function as measured by the Fugl-Meyer Assessment (FMA) (9) and Action research arm test (ARAT) (10), but does not improve the use of the affected arm in activities of daily living (ADL) as measured by the Motor activity log (MAL)-14 (11) and by analysis of data from an accelerometer attached to the affected arm (6, 12–14).

On the contrary, CIMT is the most well-established intervention for improving the use of the affected arm in ADL (15). CIMT consists of three components: (1) a repeated task-oriented approach, (2) a behavioral approach to transfer the function gained during training to actual life (also called the “transfer package”), and (3) constraining use of the affected arm. Some researchers consider the transfer package the most important component of CIMT. In fact, research has shown that usage of the affected arm in daily life is significantly different between patients treated with and without the transfer package component (16, 17). However, many therapists question whether CIMT could benefit their patients because of the shortage of sites possessing the clinical resources to provide the intervention for the long duration required for effectiveness (18).

Therefore, there is an urgent need to establish an effective therapeutic approach, especially for upper-limb hemiplegia during the chronic stage of stroke recovery for which there are few clinical resources (In Japan, the insurance system only allows 260 min per month). Therefore, we will compare the efficacy of several therapy methods. As a control, we will monitor changes in arm function in patients undergoing a short, standard rehabilitation by a therapist and standard self-training (control group). This will be compared to similar self-training including robotic therapy with the ReoGo-J device as an adjuvant therapy (RT group). Finally, the robotic therapy will be compared to combined therapy including robotic therapy and CIMT (CT group). Through these comparisons, we will investigate the effect of robotic therapy, both alone and in combination with CIMT, which we hypothesize will complement each other in chronic stroke rehabilitation. Here, we report the structure and protocol of a multi-center, randomized controlled trial.



MATERIALS AND METHODS


Objective

This study is intended to verify the increased efficacy of self-training with robotic therapy compared with the commonly practiced traditional occupational therapy on upper-limb motor function and function in ADL in moderate to severe chronic post-stroke upper-limb hemiplegic patients. In addition, another objective of the study is to verify the degree of superiority of combination training including both robotic therapy and CIMT over training with robotic therapy alone in these patients. Therefore, in this study, primary objective is to compare the RT and control group, secondary objective is to compare the RT and the CT group. Additionally, to compare the CT and control group is auxiliary analysis. We hypothesize that robotic therapy will improve recovery over the usual care alone, and that combining robotic therapy with CIMT will further enhance its benefits.



Study Design

This study will be conducted as a multi-center, prospective, randomized, parallel group study. We aimed to enroll 120 chronic stroke patients from approval by the institutional review board until March 31, 2017. The chronic stroke patients enrolled will be randomized to three groups: a control group to receive conventional occupational therapy (usual care) and self-training that follows the concept of usual care; a group to receive usual care and self-training with robotic therapy; and a group to receive combination training that includes task-oriented training aimed at improving function in ADL and robotic therapy.

The principal investigator will register the study on the clinical trial registration system of the University Hospital Medical Information Network (UMIN000022509) after approval of this study by the clinical research institutional review board of the Hyogo College of Medicine (#2248) and before enrolling subjects.



Settings

The settings for this study include multiple hospitals and clinics throughout Japan. All sites provide outpatient rehabilitation for stroke patients at the chronic stage of recovery.



Recruitment

All patients will be screened for the inclusion and exclusion criteria described below. After the patient is determined to meet the criteria, the physician will obtain informed consent from the patient.



Inclusion and Exclusion Criteria

Patients will be considered eligible for this study if they are between 20 and 80 years of age, have chronic upper-limb hemiplegia from a supratentorial stroke that occurred at least 6 months before enrollment, are undergoing outpatient or ambulatory rehabilitation, and meet the following functional score requirements: FMA upper-limb scale (9) score of less than 44 points, Stroke Impairment Assessment Set (19) upper-limb distal function score of 1b or above, and modified Ashworth scale (MAS) (20) score of 2 or less.

Patients will be evaluated upon enrollment by their physician, and those with multiple strokes or a cerebellar/brain stem stroke, who have extreme upper-limb pain, or whose upper-limb function is deemed to be improving are not eligible for the study. To avoid complication with other medical conditions, patients with neuromuscular diseases, malignant tumors, balance or gait disturbance, or other serious uncontrolled diseases will be excluded. To ensure patients have the cognitive ability to participate in training and evaluation, patients will be excluded if they have serious aphasia or higher cortical dysfunction (a lack of lucid decision-making ability to participate this study, or a score of 24 points or less on the mini-mental state examination 21). Possible confounding effects of other treatments will be avoided by excluding patients who have received intensive training with an upper-limb training robot or constraint-induced therapy for upper-limb hemiplegia at any time after their stroke, or a botulinum toxin injection within 16 weeks of enrollment. Additionally, before decision-making a participation of study, patients received the standard rehabilitation (physical and occupational therapy) who are not excluded in this study because (1) in study of rehabilitation area for chronic stroke patients, there are few studies that excluse patients receiving the standard rehabilitation before participation of the study from the participant (22–24); (2) in Japan which have health-insurance system that covers all of its citizens, there are few stroke patients in the chronic stroke phase who have not received physical therapy, if they are excluded, the feasibility of this study falls significantly. However, after decision-making a participation of this study, patients were forbidden to receive any other rehabilitation, out of study.



Withdrawal From Study

Patients will be withdrawn from the study if they undergo certain prohibited therapies after enrolling in the study. These include functional electrical stimulation, transcranial magnetic stimulation, and transcranial direct current stimulation. Training with any other upper-limb rehabilitation robot is also prohibited after informed consent. Patients must not receive botulinum toxin injections during the treatment period.

The investigator can decide to withdraw an enrolled and allocated patient from this study if they have difficulty beginning or continuing study participation, such as failure to attend study visits, withdrawal of informed consent, adverse events or complications, recovery of arm function so that no further rehabilitation is needed, or any other event judged by the investigator to warrant withdrawal. The investigators, after withdrawing a subject, shall perform the planned end-of-study examinations to the extent possible and record the observations, last date of training, and reasons for withdrawal on the case report form.



Enrollment And Randomization

Subjects who meet all of the inclusion criteria and none of the exclusion criteria, and have given informed consent, will be evaluated by the investigators for enrollment. At enrollment, information will be collected including demographic data, body measurements, stroke information, complications, lifestyle factors, and baseline function measures. The investigator will verify that the patient is eligible to participate and enter information into the electronic data capture and web allocation system as required.

Randomization will be done through the web allocation system. The patients will be randomized to one of the three treatment groups using dynamic allocation by the minimization method based on the baseline FMA upper-limb score, center, period after stroke, and age.



Blinding

This study integrates the prospective, randomized, open-label, blinded endpoint (PROBE) study model (25). Because the training methods differ between groups, it is not feasible to blind the subjects, therapists present at the training, and physicians to the treatment. Therefore, the individuals involved in endpoint evaluation, rather than those involved in the treatment, will be blinded. The primary endpoint (FMA) and one of the secondary endpoints (ARAT) will be assessed remotely through audio and visual evaluations of video footage that has undergone blinding. The remaining assessments involve each subject's subjective evaluation, and therefore cannot be blinded, and simple palpation, which will be performed by physicians or therapists who were not present at the training to ensure objectivity.



Interventions

All patients will receive training 3 times weekly for 10 weeks. During each training session, patients in the control arm of the study will receive 40 min of self-training (sanding, placing, stretching, and repetitive reaching/grasping/releasing practice) and 20 min of usual care (conventional occupational therapy including stretching, joint range-of-motion exercises, correct-movement exercises, and ADL exercises). The RT group intervention will consist of the same 20 min of usual care, and 40 min of self-training with the ReoGo®-J upper-limb rehabilitation device (certification No. 226AHBZX00029000). The CT group intervention will include 40 min of self-training with robotic therapy and 20 min of CIMT training (shaping, task-practice, and transfer package).



Outcomes

All outcomes will be measured at baseline, 5 and 10 weeks. The primary outcome examined will be changes in the FMA upper-limb score (9). This assessment examines motor and joint function, balance, and sensation in hemiplegic patients and results are represented as a numerical score with a maximum of 66 points.

Secondary outcomes include changes in: (1) the “amount of use” and “quality of movement” components of the MAL-14 scale (11), which assesses limb function in ADL; (2) the individual components of the FMA (9); (3) the ARAT score, another measure of upper-limb function (10); (4) the motricity index (26), an assessment of muscle strength in stroke patients; (5) the MAS score (20), which assesses muscle tone (i.e., spasticity); (6) the active range of motion of the shoulder, elbow, forearm, wrist, and fingers (27); and (7) the Stroke Impact Scale (28), a quality of life assessment scale for stroke patients.

Safety outcomes will include the occurrence of any adverse events. Adverse events will be assessed as either related or unrelated to the study treatment, and their severity graded using the CTCAE Ver 4.03 (29) as a reference. All adverse events will be recorded on the medical chart and case report form. In the case of serious adverse events, including those that are life-threatening or result in hospitalization, a “serious adverse event and malfunction report” will be prepared by the investigator and submitted to the hospital director promptly.



Data Monitoring and Management

The research director is responsible for monitoring the study, including ensuring that the data reported by the investigators are accurate, complete, and verifiable in comparison with the source documents and other records. An operating procedure for monitoring will be prepared by the principal investigator in advance, and the principal investigator shall appoint monitors to conduct this monitoring as appropriate. At each hospital, the investigator and the hospital director shall cooperate with all investigations by a monitor, the institutional review board, or a regulatory authority. The investigator and director must present all study-related records, such as source documents, when requested by the investigating body.

Because this study uses a medical device that has received marketing approval, together with the nature of the interventions and the sample size, specific quality assurance audits do not need to be planned. Rather, routine data monitoring as described above will ensure data quality.

The electronic case report form will be provided by the data center of the Tsukuba Clinical Research and Development Organization (T-CReDO). The data center will also perform quality control of the collected data, specifically by conducting logical checks. In cases where inconsistencies, missing values, or other issues are detected in the entered data, the investigator will be queried, and they will revise the electronic case report form if necessary. After completion of data quality control, a case review will be convened. The data center will create a dataset for analysis and transfer quality control records and datasets to the study statistician.

The investigator and director of each hospital are responsible for retaining all records, and the data center will retain the anonymized, transcribed case report form data. These data will be retained for 5 years after completion or termination of the study or 3 years after the last publication of results from the study, whichever is later, unless an individual study site has established a longer retention period.



Confidentiality

Data such as subject information and data collected from observations and examinations will be stored as an anonymized, linkable dataset using identification codes within the data center. Each participating study site shall manage the coding keys linking identification codes to respective subjects within its facility. All individuals involved in the study will take care to protect subjects' identifying information when handling documents, anonymizing case report forms, and incorporating data into publications.



Data Access and Dissemination

Subjects in this study may obtain or access the protocol and study-related documents by making a request to the treating physician, provided that doing so would not hinder the protection of personal information of other subjects or the assurance of originality of this study. After study completion, the principal investigator shall organize and publish the results promptly in an academic journal or academic conference, among other media. The ownership of any papers or presentations prepared using the data collected in this study shall be decided through consultations with the principal investigator. Any copyright will be shared by the lead author and coauthors.



Sample Size

The principal objective of the study is to verify the superiority of the RT group over the control group in the improvement of FMA upper-limb score. Using the minimal clinically important difference (MCID) as a reference, the mean difference between the patients in the RT and control groups with respect to the FMA upper-limb score is expected to be 4.25 points (30). Given that the subjects in this study will be chronic patients, the deviation is expected to be smaller than that in the pilot study conducted in recovering patients (standard deviation, 8.8) (6), and thus a standard deviation of 6 is expected. Based on a two-sided significance level of 0.05 and a power of 0.9 on Student's t-test, a sample size of 39 per group is needed. Considering some loss to follow-up, the sample size was increased from 39 to 40 per group. Additionally, in our similar previous study (6), we recruited 56 case in 6 facilities (about nine case per a facility). Therefore, considering difficulty to recruited case in chronic stage, we judged this study will be feasible to request more than 20 facilities to participate this study.



Statistical Analyses

Two analysis populations will be established: the safety analysis set and the efficacy analysis set. The safety analysis set will include all patients who were allocated, and the numbers and percentages of safety endpoints will be compared between groups by Fisher's exact test.

The subject characteristics collected upon enrollment will be analyzed by intergroup comparisons of continuous variables by analysis of variance and of categorical variables by Fisher's exact test.

The efficacy analysis set will include all patients for whom primary endpoint data are available based on intention-to-treat principle. Using the mixed effects model for repeated measures, we will perform intergroup comparisons of changes in the FMA upper-limb score at 5 and 10 Weeks of the treatment phase. This model will include the group, time point, group-by-time interaction term, baseline FMA upper-limb score, sex, and botulinum toxin injection. For multiplicity adjustment, Dunnett's test will be employed with the RT group used as a reference. The same analysis will be conducted for the secondary outcomes. The level of significance is set at 0.05.




DISCUSSION

Here, we describe an intervention protocol to improve upper-limb function in chronic stroke patients experiencing hemiplegia, which we are examining through a multi-center randomized clinical trial. This study is unique and innovative in the areas of neuro-rehabilitation, physical therapy, occupational therapy, and rehabilitation psychology. When establishing new interventions—whether they are drugs, medical techniques, neuro-rehabilitation techniques, or others—investigators must follow established scientific processes for building evidence. These processes begin with a discovery phase, followed by a pre-clinical trial, and finally several phases (I to IV) of clinical trials. The ReoGo-J study described here is a mid-sized phase IV randomized controlled clinical trial with two purposes: (1) to examine the efficacy of robotic therapy, and (2) to determine whether combined therapy consisting of CIMT and robotic therapy is an ideal rehabilitation protocol for chronic stroke patients. Furthermore, our study results could provide insight into whether the arm function gained by robotic therapy is generalizable to actual life.

Examining the efficacy of robotic therapy, there have been only a few studies conducted around the world to examine the efficacy of robotic therapy for patients in the chronic stage of stroke recovery (7, 16, 31–34). Hardly any of this research was conducted in East Asia, and thus our study would also be novel in this respect. The robot used in this study, ReoGo-J, is the successor of ReoGo, which was shown to be effective during stroke recovery (6). This study would be the first randomized controlled trial using this new robotic system.

Our combined therapy protocol could be an effective option for therapists in clinical settings. Our program is especially unique in that patients can gain the positive effects of both CIMT and robotic therapy, and favorable interaction effect: CIMT could complement the weakness of robotic therapy, which is the limited transfer of arm function gained to daily life, and robotic therapy could complement the weakness of CIMT, which needs large clinical resources. Therefore, by demonstrating the efficacy of our new program including training using ReoGo-J, we could establish a feasible robotic therapy protocol that could be easily carried out with limited clinical resources to treat chronic phase stroke patients.

For the each of the various measures we will use to assess rehabilitation, the MCID has been established. Of the measures that quantify general hemiplegic arm function, the MCID for FMA is 4.25–7.25 points (30), and that of the ARAT is 10% of the total score (10), or 5.7 points (35). The MCID of MAL, which measures the use of the affected arm in actual life, is 0.5 points for the amount of use scale (36) and 1.0–1.1 points for the quality of movement scale (37). Because clinical resources are limited, there are few interventions/approaches to achieve MCID in the measures of arm function and arm use. However, our pilot studies have shown that combined robot and CIMT therapy could improve arm function and use of the affected arm, and those increases were greater than MCID (38, 39). Those results suggest we will see a promising effect of CT in this ReoGo-J study, and that the combined therapy will overcome the weakness of robotic therapy and significantly increase the use of affected arm in real-life settings.

Currently in Japan, many elderly stroke patients receive one-on-one rehabilitation by physical or occupational therapist 20 min per day at an adult day-care center run by the long-term care insurance system. The protocol of the control group in this study is expected to represent the conventional rehabilitation usually done at such adult day-care center. Therefore, if this study proves RT or CT group exceeded control group, we could suggest a better protocol for rehabilitation for upper extremity hemiparesis for chronic stroke patients at adult day-care center. Furthermore, our suggestion may increase the recovery of upper extremity function and use of affected arm at the same resources and cost as conventional protocol.

However, there are some limitations in this study. For example, there are many factors affecting the prognosis of upper extremity hemiplegia caused by stroke: age, sex, baseline upper extremity motor function, time after stroke, degree of sensory deficit, patients' degree of motivation, family support, various approaches within robotic therapy and CIMT (i.e., types of movement, repetitions, clinical site). In this study, the allocation factor will be set based on previous studies to control for differences in the following characteristics between groups: (1) baseline FMA score (40), (2) time after stroke (41–43), (3) age (43, 44), and (4) clinical site. However, the other factors cannot be controlled by this method.

Another limitation is that we cannot blind the patient to their allocated intervention. To minimize the bias of placebo effect, we are modeling our study after the PROBE study design. However, in rehabilitation research, it is often impossible to blind patients to the intervention because we cannot provide sham intervention. Therefore, such studies cannot exclude bias caused by the placebo effect.
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Robot-assisted therapy affords effective advantages to the rehabilitation training of patients with motion impairment problems. To meet the challenge of integrating the active participation of a patient in robotic training, this study presents an admittance-based patient-active control scheme for real-time intention-driven control of a powered upper limb exoskeleton. A comprehensive overview is proposed to introduce the major mechanical structure and the real-time control system of the developed therapeutic robot, which provides seven actuated degrees of freedom and achieves the natural ranges of human arm movement. Moreover, the dynamic characteristics of the human-exoskeleton system are studied via a Lagrangian method. The patient-active control strategy consisting of an admittance module and a virtual environment module is developed to regulate the robot configurations and interaction forces during rehabilitation training. An audiovisual game-like interface is integrated into the therapeutic system to encourage the voluntary efforts of the patient and recover the neural plasticity of the brain. Further experimental investigation, involving a position tracking experiment, a free arm training experiment, and a virtual airplane-game operation experiment, is conducted with three healthy subjects and eight hemiplegic patients with different motor abilities. Experimental results validate the feasibility of the proposed scheme in providing patient-active rehabilitation training.

Keywords: upper limb exoskeleton, robot-assisted, rehabilitation training, patient-active control, intention-driven, virtual environment


INTRODUCTION

Stroke is a severe neurological disease caused by the blockages or rupture of cerebral blood vessels, leading to significant physical disability and cognitive impairment (1, 2). The recent statistics from the World Health Organization indicate that worldwide 15 million people annually suffer from the effect of stroke, and more than 5 million stroke patients survive and, however, require a prolonged physical therapy to recover motor function. Recent trends predict increased stroke incidence at younger ages in the upcoming years (3, 4). Approximately four-fifths of all survived stroke patients suffer from the problems of hemiparesis or hemiplegia and, as a result, have difficulties in performing activities of daily living (ADL). Stroke causes tremendous mental and economic pressure on the patients and their families (5). Medical research has proved that, owing to the neural plasticity of the human brain, appropriate rehabilitation trainings are beneficial for stroke survivors to recover musculoskeletal motor abilities. Repetitive and task-oriented functional activities have substantial positive effects on improving motor coordination and avoiding muscle atrophy (6, 7). Traditional stroke rehabilitation therapy involves many medical disciplines, such as orthopedics, physical medicine, and neurophysiology (8, 9). Physiotherapists and medical personnel are required to provide for months one-on-one interactions to patients that are labor intensive, time consuming, patient-passive, and costly. Besides, the effectiveness of traditional therapeutic trainings is limited by the personal experiences and skills of therapists (10, 11).

In recent decades, robot-assisted rehabilitation therapies have attracted increasing attention because of their unique advantages and promising applications (12, 13). Compared with the traditional manual repetitive therapy, the use of robotic technologies helps improve the performance and efficiency of therapeutic training (14). Robot-assisted therapy can deliver high-intensive, long-endurance, and goal-directed rehabilitation treatments and reduce expense. Besides, the physical parameters and the training performance of patients can be monitored and evaluated via built-in sensing systems that facilitate the improvement of the rehabilitation strategy (15, 16). Many therapeutic robots have been developed to improve the motor functions of the upper extremity of disabled stroke patients exhibiting permanent sensorimotor arm impairments (17). The existing robots used for upper limb training can be basically classified into two types: end-point robots and exoskeleton robots. End-point robots work by applying external forces to the distal end of impaired limbs, and some examples are MIME (18), HipBot (19), GENTLE/s (20), and TA-WREX (21). Comparatively, exoskeleton robots have complex structures similar to anatomy of the human skeleton; some examples of such robots are NMES (22), HES (23), NEUROExos (24), CAREX-7 (25), IntelliArm (26), BONES (27), and RUPERT (28). The joints of the exoskeleton need to be aligned with the human anatomical joints for effective transfer of interactive forces.

The control strategies applied in therapeutic robots are important to ensure the effectiveness of rehabilitation training. So far, according to the training requirement of patients with different impairment severities, many control schemes have been developed to perform therapy and accelerate recovery. Early rehabilitation robot systems implemented patient-passive control algorithms to imitate the manual therapeutic actions of therapists. These training schemes are suitable for patients with severe paralysis to passively execute repetitive reaching tasks along predefined trajectories. Primary clinical results indicate that patient-passive training contributes to motivating muscle contraction and preventing deterioration of arm functions. The control of the human–robot interaction system is a great challenge due to its highly nonlinear characteristics. Many control algorithms have been proposed to enhance the tracking accuracy of passive training, such as the robust adaptive neural controller (29), fuzzy adaptive backstepping controller (30), neural proportional–integral–derivative (PID) controller (31), fuzzy sliding mode controller (32), and neuron PI controller (33).

The major disadvantage of patient-passive training is that the active participation of patients is neglected during therapeutic treatment (34). Several studies suggest that, for the patients who have regained parts of motor functions, the rehabilitation treatment integrated with the voluntary efforts of patients facilitates the recovery of lost motor ability (35). The patient-active control, normally referred as patient-cooperative control and assist-as-needed control, is capable of regulating the human–robot interaction depending on the motion intention and the disability level of patients. Keller et al. proposed an exoskeleton for pediatric arm rehabilitation. A multimodal patient-cooperative control strategy was developed to assist upper limb movements with an audiovisual game-like interface (36). Duschauwicke et al. proposed an impedance-based control approach for patient-cooperative robot-aided gait rehabilitation. The affected limb was constrained with a virtual tunnel around the desired spatial path (37). Ye et al. proposed an adaptive electromyography (EMG) signals-based control strategy for an exoskeleton to provide efficient motion guidance and training assistance (38). Oldewurtel et al. developed a hybrid admittance–impedance controller to maximize the contribution of patients during rehabilitation training (39). Banala et al. developed a force-field assist-as-need controller for intensive gait rehabilitation training (40). However, there are two limitations in the existing patient-cooperative control strategies. Firstly, the rehabilitation training process is not completely patient-active, as the patient needs to perform training tasks along a certain predefined trajectory. Secondly, existing control strategies are executed in self-designed virtual scenarios that are generally too simple, rough, and uninteresting. Besides, applying a certain control strategy to different virtual reality scenarios is difficult.

Taking the above issues into consideration, the main contribution of this paper is to develop a control strategy for an upper limb exoskeleton to assist disabled patients in performing active rehabilitation training in a virtual scenario based on their own active motion intentions. Firstly, the overall structure design and the real-time control system of the exoskeleton system are briefly introduced. A dynamic model of the human–robot interaction system is then established using the Lagrangian approach. After that, an admittance-based patient-active controller combined with an audiovisual therapy interface is proposed to induce the active participation of patients during training. Existing commercial virtual games without a specific predetermined training trajectory can be integrated into the controller via a virtual keyboard unit. Finally, three types of experiments, namely the position tracking experiment without interaction force, the free arm movement experiment, and the virtual airplane-game operation experiment, are conducted with healthy and disabled subjects. The experimental results demonstrate the feasibility of the proposed exoskeleton and control strategy.



MATERIALS AND METHODS


Exoskeleton Robot Design

The architecture of the proposed exoskeleton is shown in Figure 1. This wearable force-feedback exoskeleton robot has seven actuated degrees of freedom (DOFs) and two passive DOFs covering the natural range of movement (ROM) of humans in ADL. The robot has been designed with an open-chain structure to mimic the anatomy of the human right arm and provide controllable assistance torque to each robot joint. There are three actuated DOFs at the shoulder for internal/external rotation, abduction/adduction, and flexion/extension; two DOFs at the elbow for flexion/extension and pronation/supination; and two DOFs at the wrist for flexion/extension and ulnal/radial deviation. Besides, since the center of rotation of the glenohumeral joint varies with the shoulder girdle movement, the robot is mounted on a self-aligning platform with two passive translational DOFs to compensate the human–robot misalignment and to guarantee interaction comfort.


[image: image]

FIGURE 1. Architecture of upper limb rehabilitation exoskeleton (1-Self-aligning platform; 2-AC servo motor; 3-Bowden cable components; 4-Support frame; 5-Wheelchair; 6-Elbow flexion/extension; 7-Proximal force/torque sensor; 8-Wrist flexion/extension; 9-Wrist ulnal/radial deviation; 10-Distal force/torque sensor; 11-Forearm pronation/supination; 12-Auxiliary links; 13-Shoulder flexion/extension; 14-Shoulder abduction/adduction; 15-Shoulder internal/external; 16-Free-length spring).



The lengths of the upper arm and the forearm as well as the shoulder height of the exoskeleton can be adjusted to satisfy the dimensions of patients with body heights in the range of 1.6 m to 1.9 m. The revolute robot joints at the shoulder and the elbow are actuated by the flexible Bowden-cable actuation systems located on the remote support frame (41). The schematic of the Bowden-cable actuator is depicted in Figure 2. It mainly consists of a servo AC motor (SGMAV-04A, YASKAWA) combined with a planetary gear reducer (Yantong, transmission ratio: 40) used to produce a maximum torque of 35 Nm, two bendable Bowden-cable transmission units used to transmit driving torque from the proximal pulley to the distal pulley, and a pretension device used to adjust cable pretension and eliminate the slacking problem resulting from cable elasticity. In addition, the wrist joints of the exoskeleton are actuated by two high-precision coreless DC servo motors (JG-37, ASLONG).
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FIGURE 2. Schematic of the Bowden-cable actuation system (1-Servo motor and planetary gear reducer; 2-Pretension device; 3-Outer sheath; 4-Inner cable; 5- Proximal pulley; 6-Cable supports; 7-Distal pulley; 8-Exoskeleton link).



A passive gravity-compensation mechanism made up of two zero free-length springs and two auxiliary parallel links is integrated into the exoskeleton to balance the gravity of the entire system [detailed description can be found in (42)]. The configuration of the exoskeleton is measured by using a rotary potentiometer (WDJ22A-10K) encapsulated in each robot joint. Two six-axis force/torque (F/T) sensors (NANO-25, ATI) are located at the upper arm and the end-effector to acquire the interaction forces between the robot and the operator. The custom Velcro fasteners attached to the upper arm and the forearm of the exoskeleton facilitate the connection and separation between the human arm and the robot. For safety, the available ROM of each actuated joint is limited via a mechanical stop to avoid collisions and excessive motion. Two dead-man buttons are available to both the patient and physiotherapists to immediately shut down the motor power in the case of an emergency.



Electrical Control System

The closed-loop real-time control system of the therapeutic exoskeleton is built in the MATLAB/Real-Time-Workshop (RTW) environment with a hierarchical architecture, as shown in Figure 3. Two industrial personal computers (IPC-610H, Advantech Inc.) are used as the host and target computers. The host computer is capable of transforming the Simulink control model to the executable codes, while the target computer takes charge of implementing the embedded targeted codes and regulating the operation of the robot system. The analog feedback signals from the potentiometers and F/T sensors are amplified by power amplifiers (LKM-66, FMS) and acquired via three industrial analog-to-digital converters (PCL-818, Advantech Inc.). The control algorithm running in the target computer is converted into analog output signals by two industrial digital-to-analog cards (PCL-726, Advantech Inc.) The output analog signals are transmitted to the servo drivers to control servo motors with a sampling rate of 1 kHz.
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FIGURE 3. The MATLAB/Real-Time-Workshop/xPC control system. (A) Hardware architecture diagram. (B) Experimental setup.





Dynamics Modeling

It is important to analyze the dynamic characteristics of the exoskeleton equipped on the right arm of the operator to improve the control system performance. The overall dynamic model of the exoskeleton with human–robot interaction forces can be established based on the Lagrangian approach as follows:

[image: image]

where [image: image] denote the vectors of generalized positions, velocities, and accelerations of actuated joints. M(θ) represents the symmetric positive-defined system inertia matrix. [image: image] denotes the vector of centrifugal and Coriolis torque. [image: image] is the friction vector of the robot system. Du represents the lumped effects of uncertainties. [image: image] and Γ2 represent the Cartesian interaction forces acting on the upper arm and the end-effector of the exoskeleton, respectively. Jacobian matrixes, J1(θ) and J2(θ), provide the mapping from the interaction forces to the torques at robot joints, and they can be derived from the kinematics model of the exoskeleton (43). The vector τ is the output driving torques of servo motors.

It should be pointed out that the vector of gravitational torque is eliminated in Equation (1), as the proposed exoskeleton robot is kept in a static balanced state during the operation (42). Note that since the movement range of the passive self-aligning platform is fairly limited and small during rehabilitation training, the platform is assumed to be stationary while developing the system dynamic model. The experimental results obtained in our previous work have verified the rationality of this assumption.

The friction existing in the exoskeleton system can be basically subdivided into three parts: the friction from Bowden-cable transmission systems [image: image], the friction from the reducers of motors [image: image], and the friction from robot joints [image: image]. Thus, we have

[image: image]

The friction of the Bowden-cable transmission can be derived from the torque transmission model presented in our previous research (41). The relation between the motor-driving torque acting on the ith proximal pulley, i.e., τin, i, and the output torque acting on the ith robot joint, i.e., τout, i, can be described using the following equation:

[image: image]

where Ti and λi are the cable pretension and the bending angle of the ith Bowden-cable unit. The term μi represents the Coulomb friction coefficient. r1 and r2 denote the radiuses of the proximal pulley and the distal pulley. Note that the values of r1 and r2 of the presented exoskeleton are equal to 25 mm. Thus, Equation (3) can be refined as
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where τb, i is the friction torque from the ith Bowden-cable transmission unit.

According to the existing research results (44), the friction of the motor reducers and robot joints can be simplified as a Coulomb-viscous model as follows:

[image: image]

where τr, i and τj, i represent the friction torques from the ith reducer and robot joint. bi is the coefficient of viscosity. τc, i denotes the Coulomb friction torque.

Therefore, by inserting Equations (4, 5) into Equation (2), the ith element of the integrated system friction vector can be obtained and expressed as

[image: image]

Here, τe, i represents the equivalent parameter for the Coulomb friction torque.



Patient-Active Admittance Control

Robot-assisted rehabilitation training with games played in virtual reality environments has positive effects on inducing active patient participation and encouraging the neural plasticity of the brain (36). Thus, in our research, a patient-active training strategy is developed by integrating an admittance control module and a virtual environment module. The overall block diagram describing the major components of the proposed control scheme is depicted in Figure 4. The exoskeleton system is equipped with a graphical guidance interface running on a commercial computer with different virtual games. During rehabilitation training, the operator was seated on a chair with the upper arm connected to the exoskeleton via a custom-made cuff and the palm grasping the end-effector. Instructions were presented on the screen placed in front of the therapeutic robot. The visual and acoustical feedbacks from the virtual environment provide effective guidance for the operator to enhance the awareness of training performance and execute the required training tasks. The system can provide quantitatively evaluated reports for proposed exercises. The statistical training results facilitate therapists to modulate the exercise difficulty levels and training intensity based on the practical recovery status of patients and therapeutic goals.
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FIGURE 4. Overall block diagram of the proposed admittance-based patient-active control strategy.



The real-time information about robot configuration and human–robot interaction, which are acquired from F/T sensors, position sensors, as well as the switches and pushbuttons mounted at the end-effector, are transmitted into a virtual keyboard unit to handle the virtual game process. The virtual keyboard unit was developed in the Microsoft Visual C++ programming environment and used as the interface between the operator and the virtual environment, allowing patient-active training during rehabilitation. In other words, the disabled patient can play the virtual game by actively manipulating the exoskeleton, and this is beneficial to the recovery of motor function and mental confidence. Communication between the RTW control system and the virtual environment was established via the transmission control protocol/internet protocol (TCP/IP).

The admittance control module is developed to regulate the robot configurations and human–robot interaction forces at the end-effector while executing patient-active training. The fed-back forces from the end-effector, Fe(t), measured by the distal F/T sensor are transformed into the actual forces in basic Cartesian space, F(t), through coordinate conversion. The force errors, ΔF(t), between the desired interaction forces, Fd(t), and the actual interaction forces at the end-effector are transmitted into an admittance filter to compute the value of position regulation, ΔP(t). The desired impedance characteristic describing the relationship between interaction force and end-effector position can be expressed as
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where

[image: image]

Here Pd (t) denotes the desired inertial training position of the end-effector predefined according to the virtual game scenes; Pc (t) denotes the corresponding control position of the end-effector in Cartesian space; Md, Bd, and Kd are the objective inertia, damping, and stiffness of the admittance filter.

Thus, in the frequency domain, Equation (7) can be represented as
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The resultant control position, Pc (t), which depends on the distal interaction forces and admittance parameters, can be converted to the angular position in joint coordinates, θc (t), via the inverse kinematics of the robot. A detailed description of the analytical inverse kinematic resolution of the proposed redundant exoskeleton has been analyzed in (43).

Thus, from Equations (7, 8), we have
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where Inv (·) denotes the inverse kinematic calculation. The inner position controller is implemented to move the robot to the desired position expressed by θc (t). The position control was realized by using a fuzzy sliding mode control (FSMC) scheme developed based on the system dynamics model, and it was proposed in our previous research (45).

According to Equation (1), since the inertia matrix is symmetric and positive definite, the dynamic model is refined as

[image: image]

The switching function of sliding surface S(t) can be defined as

[image: image]

where e(t) = θc(t) − θ(t) denotes the position tracking error. [image: image] denotes the velocity tracking error. λ and η represent the positive diagonal matrixes of proportional gain and derivative gain.

Combining Equations (10, 11), the deviation of the sliding variable can be calculated as

[image: image]

And then, the control law can be designed as

[image: image]

where sgn (·) means the sign function. ε represents a positive switching gain computed by a fuzzy controller (45).

For the purpose of demonstrating the stability of the proposed patient-active control algorithm, a positive definite Lyapunov function candidate is defined as

[image: image]

Differentiating Equation (14) with respect to time t and combining Equations (10) with Equation (13) yields Equation (15) as follows.

[image: image]

Here, the lumped effects of uncertainties Du are supposed to satisfy the following assumption.

Assumption 1: The boundary of the uncertainty term can be given as (46)

[image: image]

If the positive switching gain is selected as

[image: image]

then (16) can be rewritten as

[image: image]

Here, it can be observed that [image: image] is negative definite. Thus, the proposed controller satisfies the Lyapunov stability criteria, and the position tracking error gradually converges to the sliding surface S(t) = 0 in finite time.




RESULTS

Upon completing the hardware design, dynamic modeling, and controller development, three typical experiments were conducted on the exoskeleton to validate the feasibility of the proposed patient-active admittance control strategy. In the first case, the position tracking experiment without the operator and external interactions was carried out to analyze the control performance of the inner fuzzy sliding mode position controller. In the second case, the free arm movement training experiment with different admittance parameters was conducted with three healthy subjects. In the third case, the virtual airplane-game operation training with graphical guidance was carried out with two healthy subjects and eight stroke patients with different Fugl-Meyer assessment (FMA) scores (47). The ethical approval of the implemented experimental approaches have been obtained from the Human Subjects Ethics Subcommittee of the Nanjing University of Aeronautics and Astronautics. The participants of this research were recruited from the local districts through advertisement. The research on the developed patient-active control strategy had been conducted since February 2017. The upper limb rehabilitation exoskeleton system was designed by Qingcong Wu and Xingsong Wang.


Position Tracking Experiments

According to the control diagram illustrated in Figure 4, the proposed admittance-based patient-active control scheme will be converted into a position controller to track the predefined training trajectory, if the desired force and the actual human–robot interaction force are equal to zero. Actually, the inner position controller is one of the kernel algorithms of the patient-active control method, as it is responsible for modulating the exoskeleton configuration based on the position regulation value output from the admittance filter. Therefore, it is necessary to demonstrate the feasibility of the proposed FSMC-based inner position control strategy.

The position tracking experiment without the participation of the subject was carried out to evaluate the position control performance. The desired position trajectory of the end-effector, which is defined in the base robot coordinate frame of the exoskeleton and parallel to the coronal plane, is shown in Figure 5A. There are four waypoints (A, B, C, and D) defined in the available workspace of the exoskeleton, and the initial location of the end-effector is set to Point A. The overall trajectory can be divided into four continuous subtrajectories. Firstly, the end-effector is controlled to move horizontally from point A to point B in 4 s. It also takes 4 s to move from point B to point C. The third subtrajectory is designed to follow the path from point C to point D in 4 s. Finally, the end-effector is returned from point D to point A in the last 4 s. It should be pointed out that, to guarantee the smoothness of the trajectory and avoid undesirable impact phenomena, the subtrajectory between two points is determined based on the minimum jerk cost principle (48). The terminal motion states of the former subtrajectory, including the positions, velocities, and accelerations, are the same as the initial motion states of the next subtrajectory.


[image: image]

FIGURE 5. Experimental results of position tracking tests with different control schemes. (A) The comparison among desired trajectory, the trajectory with PID controller, and the trajectory with fuzzy sliding mode controller (FSMC). (B) Time histories of position tracking errors.



The experimental performance of the proposed FSMC algorithm was compared to that of a conventional PID controller. The selected control parameters of the PID controller (i.e., proportional gain, integral gain, and derivative gain) were estimated via the Ziegler–Nichols method and carefully optimized by trial and error. The control parameters of the FSMC algorithm were optimally adjusted by intensive tests to improve control accuracy and ensure system stability. The results of trajectory tracking experiments with different control strategies are compared in Figure 5A. In addition, the time histories of position tracking errors, which are defined as the absolute distance between the desired and actual coordinates of the end-effector, are illustrated in Figure 5B. As can be observed, the tracking performance of the FSMC scheme has turned out to be far more effective than that of the PID controller. More specifically, the average output-tracking error declines from 10.42 mm (PID) to 5.21 mm (FSMC), while the root-mean-square error (RMSE) declines from 11.56 mm (PID) to 5.78 mm (FSMC) during the experiments. The peak-to-peak error is smaller (10.15 mm) with the FSMC strategy in comparison with that with the PID algorithm (18.75 mm). Therefore, the obtained results of position tracking experiments confirm the validity of the inner position controller.



Free Arm Training Experiment

The fundamental purpose of developing the patient-active control framework is to encourage the voluntary efforts and active participations of patients during rehabilitation training. The basic function of the admittance control module, as the core component of the patient-active controller, is to modulate the configuration of the exoskeleton according to the detected real-time human–robot interaction force and the desired mechanical admittance characteristic. Hence, the second experiment was conducted to evaluate the feasibility of the admittance controller in free arm operation training.

In this experiment, three healthy neurologically intact volunteers with various anthropometric parameters and ages (subject H1: male, height/1.7 m, weight/62.5 kg, age/29 years; subject H2: male, height/1.76 m, weight/66.2 kg, age/22 years; subject H3: female, height/1.62 m, weight/51.8 kg, age/46 years) were asked to undergo free arm movement trainings with different admittance parameters. The volunteers were comfortably positioned in the therapeutic system with their right arms wearing the exoskeleton. The limb lengths and the joint axes of the upper arm and the forearm of the exoskeleton were adjusted in accordance with the anthropometric parameters of wearers. Next, the subjects grasped the end-effector of the exoskeleton and actively performed horizontal reciprocating movements along the x-axis of the base coordinate system. The relation between the interaction force, measured by the distal F/T sensor of the end-effector, and the position deviation Δx, calculated from the positions of the robot's joints and inverse kinematics, reflects the corresponding training difficulty and intensity. The range of position deviation was generally restricted within the interval of [−400, 400 mm].

To compare and investigate the training performance with different admittance parameters, three different groups of parameters (E1, E2, and E3) were implemented to the admittance filter during the free arm movement experiments, as shown in Table 1. The subjects were required to repeat the aforementioned training task six times for each condition.



Table 1. Admittance parameters of different working conditions.

[image: image]




Existing study results indicate that the EMG signals provide information on the scale of muscular power and activation patterns (49). Besides, the results from our previous tests show that the EMG signal strength from the bicipital muscle and the brachioradialis muscle were larger than those from the brachialis muscle and the triceps muscle during free arm operation. Therefore, to analyze and compare the training intensity with different admittance parameters, the surface EMG signals from the bicipital and brachioradialis muscles of the wearers were acquired during the free arm training process. The measurement system mainly consists of active bipolar surface electrodes and sensors (Sunlephant-6 EMG System, Sichiray) used to obtain original signals, an integrated processing unit (SHIELD-EKG, Olimex) used for signal acquisition, amplification, and filtering, and a data analysis system running the Microsoft Visual Studio environment used for offline analysis. Before data acquisition, the exposed skin areas over the bicipital muscle and the brachioradialis muscle were cleaned with an alcohol pad to decrease contact resistance. The surface electrodes, with an effective area of 10 × 10 mm for each unit, were attached to the skin via double-faced adhesive tape. The EMG signals were sampled at 1 kHz with 12-bit resolution and filtered by using a third-order Butterworth high-pass filter with a cut-off frequency of 20 Hz. The processed signals were wirelessly transmitted to the data analysis system via a Bluetooth network.

As shown in Figure 6, the experimental results of subject H1 (single trial) present the relationships between the interaction force and position variation with different admittance parameters. It can be clearly observed that during the patient-active operation experiments, the changing tendency of position deviation is basically consistent with that of the interaction force. The active forces, from the subject and applied to the end-effector, lead to a corresponding modulation of robot configuration and, as a result, realize the active participation in rehabilitation training. Furthermore, increases in admittance parameters cause larger interaction forces for the same free arm training task. Figure 7 compares the EMG activity levels of subject H1 under different experimental conditions. The RMS approach is used for the feature extraction of raw EMG signals in this research. The RMS EMG value of the bicipital muscle under experimental condition E1 (0.466 V) turned out to be larger than those under condition E2 (0.281 V) and condition E3 (0.165 V).


[image: image]

FIGURE 6. Experimental results of free arm training tests conducted with healthy subject H1 with different admittance parameters. (A) Results under condition E1. (B) Results under condition E2. (C) Results under condition E3.
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FIGURE 7. Time histories of EMG activity levels of bicipital muscle during free arm training tests conducted with healthy subject H1 for different admittance parameters. (A) EMG signals under condition E1. (B) EMG signals under condition E2. (C) EMG signals under condition E3.



Moreover, the experimental results (six trials) of the RMS EMG values from the bicipital muscle of different subjects and admittance parameters are compared in Figure 8. It can be concluded that the increase in the admittance parameters of the proposed patient-active control scheme leads to the increase of EMG activity levels. However, the specific surface EMG activity levels vary from person to person during the same experiment. The statistical results for the bicipital muscle and brachioradialis muscle are compared in Table 2. The experimental results indicate that by modulating the admittance filter, motion resistance and training intensity during patient-active rehabilitation therapy can be rationally adjusted to meet the capabilities and requirements of different patients.


[image: image]

FIGURE 8. Comparison results of RMS EMG values of bicipital muscles for different subjects and admittance parameters.





Table 2. Comparison of statistical results of RMS EMG values of bicipital muscle and brachioradialis muscle under different experimental conditions.

[image: image]






Virtual Airplane-Game Operation Experiment

The purpose of the third experiment was to evaluate the practical feasibility by applying the proposed admittance-based patient-active controller to rehabilitation training in a virtual reality environment. Figure 9 presents the experimental scenarios in which a healthy volunteer wearing an exoskeleton actively plays the virtual airplane-game with visual and acoustical feedback instructions. There were ten volunteers (two healthy subjects and eight post-stroke chronic patients) with various FMA scores participating in the virtual airplane-game operation experiment. The detailed anthropometry parameters and the motor ability of each subject are presented in Table 3.


[image: image]

FIGURE 9. Experimental scenarios of a healthy volunteer conducting virtual airplane-game operation experiment.





Table 3. Characteristics of the subjects participating in experiments.

[image: image]




During the trial, the participants were required to actively manipulate the exoskeleton system and control the virtual airplane prototype displayed on the screen to accomplish the requested actions along the predesigned trajectory, including the taking-off operation, landing operation, and free-flight operation. To modulate the sensitivity of game control and improve the maneuverability of virtual training, the predefined thresholds of position variation (100 mm) and interaction force (10 N) were integrated into the virtual keyboard program. Only if the position variation and detected force exceed the respective threshold simultaneously, the virtual keyboard unit will trigger the corresponding keys to regulate the game process. In this way, the virtual keyboard acts as the interface that maps the human–robot interaction force and the robot configuration to the operations in the airplane game.

In this experiment, the admittance parameters were set as follows: Md = diag [0.03, 0.04, 0.06] Ns2/mm, Bd = diag [0.05, 0.04, 0.08] Ns/mm, Kd = diag [0.05, 0.06, 0.08] N/mm. All the subjects were required to make their best efforts to complete the airplane operation task six times. Figure 10 presents the experimental results of virtual airplane-game operations performed by healthy subject H1 in a single trial. More specifically, Figures 10A,B present the comparisons of interaction forces and position deviations in different directions of the base coordinate system. Further, the resultant interaction forces and combined position deviations are compared in Figure 10C. It can be seen that the variation tendencies of human–robot interaction forces are consistent with those of position deviations. The time history of the amplitude of EMG signals is depicted in Figure 10D, and the calculated RMS EMG value of the bicipital muscle is ~0.407 V. The subject wearing the exoskeleton system was able to actively handle the motion of the virtual airplane during rehabilitation training. Thus, experimental results substantiate the feasibility of the proposed control strategy.


[image: image]

FIGURE 10. Experimental results of virtual airplane-game operation training executed by healthy subject H1. (A) Interaction forces in different directions. (B) Position deviations in different directions. (C) Comparisons of the resultant interaction force and combined position deviation. (D) Time history of EMG activity levels of bicipital muscle.



The execution time required to finish the airplane operation task reflects the difficulty of the game for a specific participant. The execution times for the subjects with different FMA scores were recorded and compared (Figure 11). The average execution time for each subject was obtained (H1: 25.6 s; H2: 23.9 s, P1: 42.7 s; P2: 56.8 s; P3: 88.6 s; P4: 93.2 s; P5: 145.3 s; P6: 173.5 s). It should be pointed out that subjects P7 and P8 with severe paralysis were not able to complete the required training task and hence their data were excluded from the statistical data. The experimental results show that, with the proposed exoskeleton system and patient-active control strategy, a subject with adequate motor function capacity is able to actively handle the motion of virtual airplane and complete the requested training task in the virtual environment. The required execution time increases with decreasing motor function capacity of patients. The active participation of patients can be encouraged. However, the developed patient-active control scheme is not suitable for severely paralyzed patients, who require passive repetition training with the assistance of an exoskeleton.


[image: image]

FIGURE 11. Comparison results of execution times for subjects with different FMA scores required to complete the virtual airplane-game operation task.






DISCUSSION

From the results of three different experiments—the position tracking experiment, the free arm training experiment, and the virtual airplane-game operation experiment—it can be observed that the proposed FSMC-based admittance control strategy is capable of providing patient-active mode training during rehabilitation. More specifically, from the results of position tracking tests, it can be seen that the inner FSMC position controller is capable of achieving smaller tracking errors and better control performance when compared with the conventional PID controller, and can ensure the modulation accuracy of robot configuration based on the output value of the admittance filter. From the results of the free arm training experiment conducted with three healthy participants with different admittance parameters, it can be observed that the developed FSMC-based admittance controller can assist the patient actively undergo the free arm movement trainings with desired training difficulty and intensity. Moreover, it is able to encourage the voluntary efforts and active participations of patients during rehabilitation training. The increase of the admittance parameters of patient-active controller leads to the increase of motion resistance and the EMG activity levels of the bicipital muscle. According to the results of virtual airplane-game operation experiment conducted with two healthy volunteers and eight post-stroke chronic patients with various FMA scores, it can be found that, with the developed admittance-based patient-active control strategy, the volunteer wearing the exoskeleton system is able to actively handle the motion of virtual airplane during rehabilitation training. The rehabilitation training integrated with commercial virtual games without a specific predefined trajectory has valid impact on enhancing the interestingness of physical therapy and, furthermore, contributes to neurological rehabilitation and psychotherapy. The experimental results for different disabled patients indicate that the required execution time of the same operation task increases with the decrease of motor functions of patients. Besides, the feasibility in encouraging active participation has been proved from the statements of volunteers. In the actual performance, the protocol for each patient should be selected based on several factors, such as the detailed FMA scores of patient, the desired rehabilitation training programs, the quantitatively statistical training reports from the evaluation system, and the experience of physiotherapists.


Limitations

There are several limitations in the proposed exoskeleton and control strategy. Firstly, the proposed patient-active controller can be used with patients with good cognitive function, fair sitting balance, and good upper limb motor performance; it cannot be applied to severely paralyzed subjects without any motor functions. The resistance from the exoskeleton needs to be overcome during patient-active training. Secondly, the proposed exoskeleton can be used only for patients with right-sided weakness, thus limiting the range of applicability. An extension of this research will be to improve the control strategy to be suitable for severely paralyzed patients. The mechanical structure will be further optimized to realize the switch between right arm training and left arm training. The effectiveness of the proposed rehabilitation exoskeleton system and control strategy will be tested and demonstrated via a more substantial trial in future works. Besides, the perceived value and motivation of patient will be qualitatively evaluated by using electroencephalography (EEG) sensor. A rational rehabilitation evaluation system will be developed to estimate recovery progress. The controller parameters, such as the admittance filter, should be optimized based on the evaluation of patients to improve treatment efficiency. In addition, the therapeutic training of the human hand will be integrated into the rehabilitation system.




CONCLUSION

This paper dealt with the development and validation of an upper limb exoskeleton and a patient-active admittance control strategy, which can be applied to assist the patients with affected arm motor functions in performing active training in virtual environments. Firstly, the major hardware of the wearable exoskeleton system, including the gravity-balanced mechanical structure with 7 + 2 DOFs and the MATLAB/RTW real-time control system, was briefly introduced. Then, the system dynamic model was established using the Lagrangian method. To encourage the active participation of patients during rehabilitation training, a patient-active controller was proposed based on the dynamic model. A patient wearing the exoskeleton can undergo active rehabilitation training with the guidance of a graphical interface, and the training trajectory is not constrained to a specific predetermined trajectory. Different kinds of existing commercial virtual games, which are far more realistic and interesting than the simple self-designed ones, can be integrated into the proposed control strategy via a virtual keyboard unit. The feasibilities of the proposed therapeutic system and control strategy were verified via three pilot tests. A position tracking experiment was carried out to evaluate the performance of the inner fuzzy sliding mode position control strategy. A free arm training experiment was conducted with three healthy subjects to study the functionality of the admittance module during free arm operation. To verify the practical feasibility of applying the patient-active control strategy to the training within virtual environments, a virtual airplane-game operation experiment was conducted with ten volunteers with different FMA scores.
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Robotic Arm Rehabilitation in Chronic Stroke Patients With Aphasia May Promote Speech and Language Recovery (but Effect Is Not Enhanced by Supplementary tDCS)
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Objective: This study aimed to determine the extent to which robotic arm rehabilitation for chronic stroke may promote recovery of speech and language function in individuals with aphasia.

Methods: We prospectively enrolled 17 individuals from a hemiparesis rehabilitation study pairing intensive robot assisted therapy with sham or active tDCS and evaluated their speech (N = 17) and language (N = 9) performance before and after a 12-week (36 session) treatment regimen. Performance changes were evaluated with paired t-tests comparing pre- and post-test measures. There was no speech therapy included in the treatment protocol.

Results: Overall, the individuals significantly improved on measures of motor speech production from pre-test to post-test. Of the subset who performed language testing (N = 9), overall aphasia severity on a standardized aphasia battery improved from pre-test baseline to post-test. Active tDCS was not associated with greater gains than sham tDCS.

Conclusions: This work indicates the importance of considering approaches to stroke rehabilitation across different domains of impairment, and warrants additional exploration of the possibility that robotic arm motor treatment may enhance rehabilitation for speech and language outcomes. Further investigation into the role of tDCS in the relationship of limb and speech/language rehabilitation is required, as active tDCS did not increase improvements over sham tDCS.

Keywords: aphasia, stroke rehabilitation, apraxia of speech, motor control, Neurorehabilitation, tDCS


INTRODUCTION

Following stroke, participation in professional, social, and family environments is often limited by acquired deficits affecting motor control, sensation, cognition, and communication. Treatment in each domain can promote some limited recovery, but residual disability remains a problem. Thus, there is a need for efficient interventions to expedite and enhance recovery. We explored the possibility that treatment in one domain—motor function—may benefit performance in another, untreated domain—communication—in individuals with acquired aphasia and/or apraxia of speech. Synergistic effects of treatment across domains could provide a transformational approach to stroke rehabilitation.

The possibility that robotic motor treatment preceded by tDCS may benefit speech-language recovery was raised by Hesse et al. (1). They reported that 4 of the 10 individuals with subacute stroke undergoing repetitive right upper-extremity robotic arm therapy in conjunction with transcranial direct current stimulation (tDCS) exhibited unexpected improvement on a standardized speech-language measure. The present investigation extended this examination to the chronic stage of recovery, using tDCS in conjunction with a 12-week course of right upper-extremity robotic arm therapy. To determine whether changes in the untreated speech-language domain would occur in this population, eligible individuals with chronic stroke (>6 months post onset) were prospectively enrolled. These participants were a subset of a larger randomized control trial of hemiparesis recovery using intensive robotic arm treatment preceded by tDCS.



METHODS


Participants

A subset of seventeen participants (10 M, 7 F) from a large multi-site RCT were enrolled in the speech and language study reported here (dates: 4/2013-9/2014). All treatment and assessments were conducted at Burke Medical Research Institute and Feinstein Institute for Medical Research with participants consented under IRB approval of both institutions. Eligibility criteria for the larger RCT were: a single, left-hemisphere ischemic lesion; cognitive function sufficient to understand the instructions and task in the study; and a Motor Power score ranging from 1 to 4/5, indicating that participants were neither hemiplegic nor had fully recovered motor function in the muscles of the shoulder, elbow, and/or wrist. Participants in the speech and language subset also presented with chronic aphasia and/or apraxia of speech subsequent to the same lesion. Speech-language testing occurred prior to the beginning of motor therapy (pre-test baseline) and again after the conclusion of the therapy sessions (post-test). All 17 speech-language participants were administered a speech motor control task (i.e., diadochokinetic rate). Language testing was only conducted on individuals whose primary language was English (N = 11) because the normative samples for the measures given are based on native English speakers. Two English speakers were unable to complete the full battery at post-test, leaving complete language data sets for 9 people for the Western Aphasia Battery-R and 10 people for the category naming task. Speech motor control data for 17 participants is reported here. All participants completed the entire 36 session hemiparesis protocol.



Testing Battery

Diadochokinesis

Diadochokinetic rate (DDK) assesses the ability to produce sequential and alternating syllables (e.g., “papapa;” “pataka”). We used the test version from the Apraxia Battery for Adults 2nd version (ABA-2) (2) and followed the scoring protocol outlined in the examiner's manual.

Category Naming

Participants were given one minute to name members of a semantic category (animals; transportation; plants; tools). This frequently used verbal fluency measure requires lexical access and word retrieval (3). Unimpaired speakers typically produce 20+ category members per minute.

Comprehensive Speech-Language Battery

The Western Aphasia Battery-Revised (WAB-R) (4) is a comprehensive aphasia battery, and yields an overall “aphasia quotient” (AQ) indicating aphasia severity (0–100). Scores above 93.8 are within the normal range; changes of 5+ points are considered clinically significant (5).



Procedure

All participants were enrolled in the double-blind repetitive right upper-extremity motor therapy study that included 36 sessions (3x/week) of robotic arm motor therapy (~1 h each) preceded by 20 min of tDCS. In this study, a 2 mA current was delivered by a battery-driven current generator using surface rubber-carbon electrodes (5 × 7 cm; 35 cm2) surrounded by saline-soaked sponges. The center of the anode was placed 5 cm lateral to the vertex, and the cathode was placed over the right supraorbital region. For participants in the sham tDCS condition, current was ramped up to 2 mA over 30 s and then ramped down to 0 ms (6). The Fugl-Meyer Assessment (FM) (7) scores were obtained pre-test, post-test, and at a 6-month follow-up (not reported here). The FM provided a standardized assessment of upper extremity abilities administered by a licensed occupational therapist or trained research assistant.

Speech-language tasks were administered by an ASHA-certified speech-language pathologist (SLP). Participants were assessed during the week prior to the first treatment session (pre-test baseline), and within 5 days of the last treatment session (post-test). The same SLP administered baseline and post-test evaluations for each participant. Participants did not receive speech-language therapy as part of the treatment.



Data Analysis

To evaluate changes, we performed two analyses for each speech-language measure: a within-subjects paired t-test to evaluate overall change from baseline to post-test; and an independent samples t-test using the difference scores for each participant to evaluate tDCS (active~sham) group differences. Despite the small sample size, we use t-tests to allow for confidence intervals to get a sense of the effect size, and we also report the outcomes of non-parametric Wilcoxon tests throughout the results.




RESULTS

Demographic and stroke information, as well as tests they completed and tDCS group assignment, are presented in Table 1. Consistent with the larger data set and prior published studies, Fugl-Meyer Assessment (FM) (7) scores among these patients significantly increased following the robotic training regimen (mean: 27.3 pre, 35.4 post). Mean pre-to-post increase was 8.1 points [95% confidence interval (CI; 6.4, 9.8); t-test: p < 0.001; Non parametric Wilcoxon: p < 0.001]. As in the full cohort from the robotic arm study, improvement did not differ between tDCS and sham arms in the full set of 17 participants (t-test: p = 0.14; Non parametric Wilcoxon: p = 0.13) or in the subset with WAB data discussed below (t-test: p = 0.28; Non parametric Wilcoxon: p = 0.34).



Table 1. Participant information: age at onset of study (within 5 year range), number of months post-stroke, handedness, race, damage type (cortical/subcortical/mixed), tDCS condition, and which speech/language measures were completed.
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Diadochokinetic (DDK) Task

A paired t-test revealed significant improvement in DDK scores from baseline to post-test [mean: 3.19 points, CI (1.04, 5.34); t-test: p = 0.006, Non parametric Wilcoxon p = 0.003; Figure 1A]. There was no difference between participants receiving sham (N = 8) and active tDCS [N = 8; difference = −0.38, CI (−4.10, 4.85), t-test: p = 0.86].
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FIGURE 1. Group changes in performance on speech/language measures. Overall pre-test baseline and post-test changes for (A) diadochokinetic rate; (B) category naming score; and (C) Western Aphasia Battery—Aphasia Quotient (WAB AQ). Barbells represent overall means, and dotted lines represent individual participants.





Category Naming

A paired t-test revealed a significant increase in category naming scores from baseline to post-test overall [mean: 3.27 items, CI (0.16, 6.39), t-test: p = 0.026, Non parametric Wilcoxon p = 0.036; Figure 1B]. Participants in the sham group (N = 5; mean improvement: 6.60 items) improved by significantly more items than participants in the active tDCS group [N = 6; mean improvement: 0.50 items; estimated difference = 6.10, CI (1.28, 10.92), t-test: p = 0.041, Non parametric Wilcoxon = 0.075].



Comprehensive Speech-Language Battery

A paired t-test revealed significant improvement in the WAB-R AQ from baseline to post-test [mean: 2.51 points, CI (0.41, 4.61), t-test p = 0.025, Non parametric Wilcoxon = 0.055, see Figure 1C]. This indicates that the participants improved overall in their average WAB-R performance at post-test. One participant demonstrated a clinically significant improvement of at least 5 points (sham condition) and two other participants achieved improvements of 4.6 and 4.9 points (one active and one sham). No significant group differences were seen between participants receiving active (N = 4) and sham tDCS [N = 5; mean difference: −3.08, CI (−7.90, 1.74), t-test p = 0.15; Non parametric Wilcoxon p = 0.19].




DISCUSSION

In our data, chronic stroke participants with speech and/or language impairment exhibited detectable improvement on speech-language measures following intensive robotic arm rehabilitation preceded by tDCS. Critically, this improvement was observed in the absence of speech-language therapy, suggesting the possibility of synergistic effects across these distinct domains of stroke recovery. It is worth noting that Meinzer et al. (8) reported that tDCS stimulation with this same montage may provide benefits to language processing in older neurotypical adults, suggesting the possibility that gains in language ability could come from the stimulation. However, in our limited data set, there was no effect of tDCS condition in most tasks. While we must be cautious about drawing strong conclusions from this dataset, it is possible that this reflects the fact that there was no explicit speech/language activity paired with the stimulation and that any benefit tDCS may provide in stroke rehabilitation comes from pairing of treatment and stimulation. We also note that recent findings on whether tDCS can affect language processing have been mixed, with recent positive findings reported for tDCS as an adjunct to aphasia therapy (9) and stuttering therapy (10) but null findings also widely reported (11).

In addition, we note that participants receiving sham showed a greater improvement on category naming than those receiving active stimulation, with the difference reaching significance in a t-test (but not a non-parametric test). This result leaves open the possibility that active tDCS was actively detrimental to improvement on this task, although it is surprising that this finding would occur for only one measure. We also note that tDCS groups were not matched for speech-language ability as part of the RCT and they were not matched in the study. The small sample size here also precludes us from determining whether other demographic or neurological factors (such as those outlined in Table 1) can account for this difference, as any regression analysis that would address this would be problematic due to the number of participants.

The positive overall findings should be treated cautiously in the absence of a control group not receiving robotics. In addition, the finding of an improvement on the WAB was only significant for a t-test and not non-parametric tests, and the 95% confidence intervals for that comparison fall below the 5 point threshold used to identify clinically significant improvement on that test. Nevertheless, these findings, in addition to those in Hesse et al. (1) on the subacute population, warrant additional systematic explorations of the benefit of multi-domain therapies for stroke rehabilitation.
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Effects of High-intensity Robot-assisted Hand Training on Upper Limb Recovery and Muscle Activity in Individuals With Multiple Sclerosis: A Randomized, Controlled, Single-Blinded Trial
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Background : Integration of robotics and upper limb rehabilitation in people with multiple sclerosis (PwMS) has rarely been investigated.

Objective: To compare the effects of robot-assisted hand training against non-robotic hand training on upper limb activity in PwMS. To compare the training effects on hand dexterity, muscle activity, and upper limb dysfunction as measured with the International Classification of Functioning.

Methods: This single-blind, randomized, controlled trial involved 44 PwMS (Expanded Disability Status Scale:1.5–8) and hand dexterity deficits. The experimental group (n = 23) received robot-assisted hand training; the control group (n = 21) received non-robotic hand training. Training protocols lasted for 5 weeks (50 min/session, 2 sessions/week). Before (T0), after (T1), and at 1 month follow-up (T2), a blinded rater evaluated patients using a comprehensive test battery. Primary outcome: Action Research Arm Test. Secondary outcomes: Nine Holes Peg Test; Fugl-Meyer Assessment Scale–upper extremity section; Motricity Index; Motor Activity Log; Multiple Sclerosis (MS) Quality of Life−54; Life Habits assessment—general short form and surface electromyography.

Results: There were no significant between-group differences in primary and secondary outcomes. Electromyography showed relevant changes providing evidence increased activity in the extensor carpi at T1 and T2.

Conclusion: The training effects on upper limb activity and function were comparable between the two groups. However, robot-assisted training demonstrated remarkable effects on upper limb use and muscle activity. https://clinicaltrials.gov NCT03561155.

Keywords: upper limb abnormalities, quality of life, rehabilitation, robotics, electromyography, learning


INTRODUCTION

Multiple sclerosis (MS) is the most common non-traumatic cause of neurologic disability in young adults worldwide (1). The major causes of disability are inflammatory demyelination and axonal loss2, which result in the hallmark motor, sensory, cognitive, and autonomic dysfunctions found in people with MS (2, 3). In the first year of disease onset up to 66% of patients will develop upper limb impairment that will continue to worsen over the following three decades (3–5) and diminish participation and quality of life (5, 6) Temporal fluctuations and fatigue render clinical management extraordinarily complex (3).

In the last decade, integration of robot-assisted devices in upper limb training programs has gained increasing interest for their capability to provide early, intensive, task-specific and multisensory stimulation especially in stroke patients (7). There is consensus on the effectiveness of upper limb rehabilitation also in people with MS (8). In their review, Lamers et al. emphasized the importance of multidisciplinary rehabilitation to improve upper limb capacity, along with body function and they suggested that upper limb capacity could be enhanced by robot-assisted training (8). Despite differences in sample characteristics and methodologies, the literature generally supports the benefits of upper limb robot-assisted training in people with MS. However, studies differ considerably in primary outcomes (activity vs. function), study design [uncontrolled vs. randomized controlled trial [RCT]], and therapy content and dosage. Only two controlled trials on upper limb robot-assisted training in people with MS have used devices designed for rehabilitating the proximal upper limb (shoulder and elbow) (9, 10). No studies to date have been performed using a robot-assisted device specifically designed for the hand in people with MS.

The Amadeo®(Tyromotion-Austria) is a modern, mechatronic end-effector robotic device. Its most distinctive feature is that it simulates natural grasping motion and executes automated movement sequences. Results from its application in stroke rehabilitation suggest that robot-assisted hand rehabilitation reduces motor impairment and increases use of the affected hand, with possible generalization to the entire upper limb (11, 12). It is not clear, however, whether these improvements can translate to increased upper limb use in everyday activities (11).

The primary aim of this study was to compare the effects of robot-assisted hand training and robot-unassisted rehabilitation on upper limb activity. The secondary aim was to compare the training effects on hand dexterity and upper limb function, disability, and quality of life. We hypothesized that, because it boosts greater use of the hand, upper limb activity would improve more after robot-assisted hand training than after non-robotic training. To explore the potential mechanisms involved in such improvements the electromyographic activity of 6 upper limb muscles was investigated. Given the multiplicity of symptoms that often need to be addressed in MS, the integration of robotics and rehabilitation holds promise for developing high-intensity, repetitive, task-specific, interactive treatment of upper limb impairment.



MATERIALS AND METHODS


Trial Design

This single-blind RCT compared the effects of robot-assisted [experimental group (EG)] vs. non-robotic [control group (CG)] training. The examiner was blinded to group assignment (Figure 3).



Participants

From March 2014 to March 2017, consecutive outpatients with MS and hand dexterity deficits referred to our Neurorehabilitation Unit (AOUI Verona) were assessed. Inclusion criteria were: confirmed MS diagnosis (13), age between 18 and 65 years, Expanded Disability Status Scale (EDSS) score 1.5 ≤ x ≤ 8 (13), Mini-Mental State Evaluation (MMSE) score ≥24/30 (14), Modified Ashworth Scale (MAS) score <2 evaluated at the elbow, wrist, and fingers (15), Nine Hole Peg Test (NHPT) score between 30 and 300 s (9). Exclusion criteria were: relapse or relapse-related treatments in the 3 months before entering the study, musculoskeletal impairments or visual analog scale (VAS) for pain score > 7/10 in any joint that could interfere with the training program, severe visual dysfunction, any type of rehabilitation in the month prior to recruitment, other concomitant neurological or orthopedic diseases involving the upper limb and interfering with their function. Patients gave their written, informed consent after being informed about the experimental nature of the study. The study was carried out in accordance with the Helsinki Declaration, approved by the local Ethics Committee (prog n.230CESC), and registered at clinical trial (NCT03561155).



Interventions

One experienced physical therapist per treatment group supervised the training sessions. Patients received individualized treatment for 50 min/day, 2 days/week for 5 weeks at the physical therapy facility of the Neurorehabilitation Unit (AOUI Verona). At the end of each session, upper limb passive mobilization was performed in supine position for 10 min. Based on baseline assessment, the weaker upper limb was selected for evaluation and treatment. When both upper limbs were equally impaired, the participant's preference was taken into account.



Experimental Group

Patients underwent robot-assisted hand training on an Amadeo® (Tyromotion, Austria). This modern, mechatronic end-effector computer-assisted robotic device is specifically designed to improve sensorimotor functions in patients with restricted hand function (Figure 1). Therapy sessions were conducted by a physical therapist experienced in use of the device. The patient was seated in a comfortable position and the arm strapped into an adjustable stabilizing splint attached to the robotic device, with the wrist in neutral position and the forearm pronated. The wrist was stabilized to the body of the device by means of a spring-loaded hinge, which allowed for some degree of passive flexion and extension during use. The height of the device was adjusted to an angle of about 30° of elbow flexion. Each finger was attached to the robotically driven slide with magnets taped to the distal phalanx of each finger. Three different training modes were performed: (1) continuous passive motion (CPM) during which the hand is passively stimulated in finger flexion and extension (10 min); (2) assistive therapy in which the hand is functional but is actively trained at the patient's limit of performance (10 min); (3) interactive therapy via active training with specifically developed virtual therapy games (10 min) in which the patient exerts isometric force in flexion or extension to avoid obstacles or to reach a target (fire) shown on the video. The isometric force produces proportional movement of a virtual figure. The physiotherapist sets task difficulty from among 30 pre-selected levels graded by duration, force, and accuracy in completing the task. Each exercise was repeated several times according to the patient's ability and task complexity was increased as performance improved. The physiotherapist recorded on the patient's chart the exercises (i.e., type of exercise, number of repetitions) and any adverse events that occurred during the study.


[image: image]

FIGURE 1. Hardware set-up of the Amadeo System, finger slings, and visual display.





Control Group

The protocol for upper limb rehabilitation was designed according to the neurodevelopmental technique and consisted of upper limb mobilization (shoulder girdle, elbow, wrist, and finger joints), facilitation of movements, and active tasks chosen out of 15 that are challenging for patients (16, 17). The exercises were focused on improving muscle strength in flexion and extension, dexterity, and motor control. At the end of each treatment session, the patient received feedback about her/his performance in terms of the number of errors and comments on execution of movement.



Outcomes

Demographic and clinical data (EDSS score, disease duration, and Tremor Severity Scale score) were collected at baseline (18). A comprehensive test battery was administered before (T0), after (T1), and again at 1 month of follow-up (T2).

The primary outcome was the change in upper limb activity as measured with the Action Research Arm Test (ARAT) at T1 compared to T0 (19). Secondary outcomes: upper limb activity measured using the Nine Holes Peg Test (NHPT) (20–22); manual dexterity speed calculated as the number of pegs placed per second. Trials in which patients were unable to place any peg within the time limit of 300 s were scored as 0 peg per second (6). Upper limb function was measured by means of the Fugl-Meyer Assessment Scale–upper extremity section (FMA) (range, 0–66 where higher scores indicate better performance) (23) and the Motricity Index (MI) (range, 0–100 where higher scores indicate better performance) (24). The Motor Activity Log (MAL) was used to assess changes in the amount and quality of arm use in accomplishing 30 daily activities (range, 0–168 where higher scores indicate better performance) (25). The MS Quality of Life−54 (MSQoL-54), with the physical health (PHC) and mental health (MHC) domains, were used to investigate generic and MS-specific domains of health-related QoL (range, 0–100 where higher scores indicate better performance) (26). Patient satisfaction with daily activities or social roles was assessed using the Life Habits assessment—general short form (LifeH) (27).



Electromyography (EMG)

The EMG activity of 6 upper limb muscles of the more affected side (deltoid scapular, deltoid clavicular, triceps brachii, biceps brachii, flexor carpi radialis, and extensor carpi radialis) was measured using pairs of self-adhesive surface electrodes. Disposable Ag-AgCl electrodes were placed according to SENIAM guidelines with an inter-electrode spacing of 0.02 m. Before electrode placement, the skin was shaved with a disposable, single-use razor and cleaned with alcohol (28). Raw EMG signals were collected using BTS FREEEMG 300 wireless surface EMG sensors (BTS spa, Milan, Italy) at a sampling rate of 1000 Hz. Raw EMG signals were processed with a customized routine developed in MATLAB environment (MathWorks, USA). The raw EMG signal was bandpass filtered at 20–450 Hz and then smoothed using a 20 ms root mean square (RMS) algorithm to obtain the envelope. Signals were recorded in three conditions: 30 s during resting position (basal), 5 s of maximal voluntary isometric contraction (MVIC), and during a reach-to-grasp task (ARAT subscale). Patients were asked to grasp and place a 7.5 cm wooden-cube on a shelf of standardized height. The movement was divided in three phases by identifying 4 temporal events (start, grasping the cube, placing the cube on the shelf, returning to base position). The task was repeated 3 times and the signals were time-normalized. Normative data were collected from 14 healthy age-matched controls undergoing one surface EMG acquisition. The EMG tasks are illustrated in Figure 2.
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FIGURE 2. Experimental set-up with the surface EMG electrodes placement.
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FIGURE 3. CONSORT flowchart.





Sample Size

A sample size of 36 patients (18 per group) was estimated to have 80% power to detect a mean difference of 3 on the primary outcome measure (ARAT) and an alpha (probability of type 1 error) of 5% (10). Assuming a 10% drop-out rate, 40 patients were necessary to perform the study.



Randomization

Eligible patients were assigned to either the EG or the CG by a simple randomization scheme using an automated randomization system (www.randomization.com). Group allocation was kept concealed. The randomization list was locked in a desk drawer accessible only to the principal investigator.



Blinding

Primary and secondary outcomes were measured by the same blinded examiner at each session.



Statistical Analysis

A per-protocol analysis was used. Descriptive statistics included means and standard deviation. The X2 test was utilized for categorical variables. Since the data were normally distributed (Shapiro-Wilk Test), parametric tests were used for inferential statistics. Two-way mixed ANOVA was applied using “Time” as the within-group factor and “Group” as the between-group factor. Two-tailed Student's t-test for unpaired data was used for between-group comparisons. The level of significance was set at p < 0.05. Bonferroni's correction was applied for multiple comparisons (p < 0.025). Statistical analysis was performed with SPSS 20.0 (IBM SPSS Statistics for Windows, Version 20.0, Armonk, NY, USA).




RESULTS

In all, 113 patients were consecutively assessed: 59 were excluded because they did not meet inclusion criteria (n = 48) or declined to participate (n = 2) or had difficulty arranging transportation to the study site (n = 19). A total of 44 patients were randomly assigned to either the EG (n = 23) or the CG (n = 21). Two patients in the EG and 3 in the CG subsequently withdrew; of the remaining 39 patients, 21 in the EG and 18 in the CG completed the study.

There were no significant between-group differences in demographics and clinical data (Table 1) or in primary and secondary outcome measures at baseline (T0). Cerebellar functions assessed with EDSS subitem were homogeneous between EG and CG and the median score was 1 corresponding to “Abnormal signs without disability.”



Table 1. Demographic and clinical characteristics of treated subjects.
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Primary Outcome

There were no significant between-group differences in ARAT scores (Table 2). Both groups showed an overall significant improvement in performance at T1 and T2 (p < 0.001).



Table 2. Clinical outcome measures and inferential statistics.
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Secondary Outcomes

No adverse events or safety concerns arose during the conduction of study. Both groups showed an overall significant improvement on all secondary outcome measures without significant between-group differences (Tables 2, 3). Both groups presented at the enrollment a notable capacity at the UL FMA (29). Only the EG showed significant changes in the motor activity log-amount of use (MAL-AOU) at both T1 and T2 (Table 3). At T2 significant improvements in muscle strength during finger extension (p = 0.02) and flexion (p < 0.001) were noted in the EG. Preliminary observation of muscular function revealed abnormalities in lifting the wooden cube for both groups. After training, the EG showed increased extensor carpi activity similar to activation in healthy control subjects. These affects were maintained at the follow-up evaluation (Figure 4).



Table 3. Clinical QOL, participation outcome measures and inferential statistics.
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FIGURE 4. EMG muscle activity during the reach-to-grasp task.






DISCUSSION

The main finding of this RCT is that upper limb activity and function improved after both robot-assisted hand training and robot-unassisted treatment in these patients with MS. Interestingly, only the group that received robot-assisted hand training reported significant improvements in the use of the treated upper limb and in the assessment of skills in the life habits domain (accomplishments). In addition, preliminary observation of muscular activity showed enhancement of extensor carpi activation only in the robot-assisted hand training group, suggesting a task-specific effect of this training mode on muscle activity.

Upper limb robot-assisted interventions have been increasingly applied in neurorehabilitation because they offer the advantage of high-intensity training, volume, and duration that can be delivered without the constant presence of a physiotherapist. However, several questions still need to be addressed: optimal therapy content and dosage according to degree of upper limb disability, effectiveness of rehabilitation strategies in improving upper limb function, and influence of type of training approach on increasing upper limb capacity and performance (8).

In a pilot RCT study conducted by Carpinella et al. 22 patients with MS were randomly assigned to receive either a robot-assisted reaching task (RT) training or robot-based training (RMT) in which objects had to be grasped and manipulated (Braccio di Ferro, Celin srl, La Spezia, Italy) (9). After 8 sessions, a significantly larger improvement in grasping was observed in the group assigned the RMT protocol. In a pilot study conducted by Feys et al. the effects of additional robot-supported virtual learning training added to conventional treatment were investigated (10). Seventeen patients received either 3 weekly sessions of conventional training alone or conventional training plus training with a 3-DoF haptic device (Haptic Master training, MOOG, the Netherlands). After 8 weeks, no significant changes in function and activity level were reported in either the intervention or the control group. However, a near-threshold significant between-group difference was measured for the MAL (amount of use and total). In their feasibility cross-over study, Vergaro et al. tested a robotic therapy protocol for rehabilitation of poor coordination in 8 patients with MS (30). No significant differences in the Nine Hole Peg test score were observed after administration of 8 training sessions of the two training protocols, though the movements became smoother after training.

While differences in sample and methods hamper comparisons between our and previous studies, our results provide evidence for a restorative potential of upper limb function after specific rehabilitation interventions in patients with MS. Both training protocols were administered to improve impairments in upper limb function (and hand dexterity), which would explain why no significant differences were detected between the two interventions. Training specificity differed slightly between the two approaches: the robot-assisted hand training was mainly focused on visual feedback and a task-specific approach, whereas the robot-unassisted training dealt with functional movement and context-specific training (3). Both training protocols shared common features such as unilateral training, mobility, stretching, and exercise progression (3). However, only with the more intensive, repetitive, and task-specific training did the amount of upper arm use and muscle activity improve, and continue through to follow-up assessment.

Chronic upper limb disuse might contribute to disability and explain the functional differences beyond the adaptive functional reorganization observed in clinical stages and forms of MS (2). Patients with MS may develop a negative learning phenomenon, which consists of relying on their less affected arm to perform activities of daily living with a progressive suppression of movements in the more affected arm (2, 25). Interference with this learned phenomenon may be the mechanism through which physical therapy can limit the extent of upper limb disability in stroke patients and in patients with MS (31–33).

Unfortunately, we were unable to identify the factors related to robot-assisted training that would have been crucial to this finding. Nevertheless, we argue that such training may boost more successful use of the hand that, in turn, could increase confidence in performing upper limb activity. The role of training intensity, along with the need to better balance uni- and bimanual upper limb exercise, may have contributed to successful outcomes. The visual feedback provided by the Amadeo system may have increased patient motivation during training and awareness of upper limb capacity Moreover, training intensity may have reduced the one's perception of difficulty and assistance required by the patient during upper limb activity assessed with LIFE-H-accomplishment section. Although both groups presented a notable capacity of the UL and minimal signs of cerebellar dysfunctions, the interactive feedback provided by the robotic training was a stimulating way to increase patient motivation, reduce effort and increase performance during ADLs (29). This finding suggests that the robotic training effects may be extended beyond the physical aspects. Literature supports a disagreement between MS patients and treating physician regarding factors affecting the quality of life (34). The changes observed in EMG activity may support this view and are in line with previous preliminary reports (35). A smaller difference between the maximum and the minimum of extensor carpi radialis (ECR) activation as compared with healthy subjects was observed after treatment and only the EG recovered ECR activity, improving its modularity. One possible explanation for this is the specific training of finger muscles, and wrist stabilizer muscles indirectly, with the Amadeo system (Figure 5).
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FIGURE 5. EMG muscle activity of the Extensor Carpi Radialis.



The strengths of the present study are the relatively large patient sample and the low drop-out rate, which suggest the feasibility of robotic training in patients with MS. The comprehensive and multidisciplinary evaluation of upper limb disorders according to the ICF framework, and the EMG analysis using a standardized experimental protocol to investigate the training effects on muscle activity are further strengths of this study. The study limitations are the lack of patient stratification by degree of impairment, the lack of assessment of cognitive and mood decline and the lack of neuroimaging support.

To conclude, as a part of the multifaceted management of upper limb rehabilitation, robotics is a feasible and valid approach to improving upper limb function and enhance UL use in patients with MS. Robotics holds promise and potential to enrich rehabilitation care in MS, but issues such as optimal dosage according to degree of upper limb disability need still to be addressed.
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The primary aim of the current study was to assess the effects of oropharingeal muscle exercises in obstruction severity on stroke patients with OSAS. The secondary aims were to evaluate the effects of the exercises on rehabilitation of neurological function, sleeping, and morphology change of upper airway. An open-label, single-blind, parallel-group, randomized, controlled trial was designed. Fifty post-stroke patients with moderate OSAS were randomly assigned into 2 groups (25 in each group). For the therapy group, oropharyngeal muscle exercise was performed during the daytime for 20 min, twice a day, for 6 weeks. The control group was subjected to sham therapy of deep breathing. Primary outcomes were the obstruction severity by polysomnography. Secondary outcomes included recovery of motor and neurocognitive function, personal activities of daily living assessment (ADL), sleep quality and sleepiness scale. It also included upper airway magnetic resonance imaging (MRI) measurements. Assessments were made at baseline and after 6-week exercise. Finally, 49 patients completed the study. The apnea–hypopnea index, snore index, arousal index, and minimum oxygen saturation improved after exercise (P < 0.05). Oropharyngeal muscle exercises improved subjective measurements of sleep quality (P = 0.017), daily sleepiness (P = 0.005), and performance (both P < 0.05) except for neurocognition (P = 0.741). The changes in obstruction improvement, sleep characteristics and performance scale were also associated with training time, as detected by Pearson's correlation analysis. The anatomic structural remodeling of the pharyngeal airway was measured using MRI, including the lager retropalatal distance (P = 0.018) and shorter length of soft palate (P = 0.044) compared with the baseline. Hence, oropharyngeal muscle exercise is a promising alternative treatment strategy for stroke patients with moderate OSAS.

Clinical Trial Registration: http://www.chictr.org.cn. Unique identifier: ChiCTR-IPR-16009970

Keywords: MRI, obstructive sleep apnea syndrome, oropharyngeal muscles exercise, polysomnography, stroke


INTRODUCTION

Based on previous studies, 57% of stroke patients suffer from obstructive sleep apnea syndrome (OSAS) in rehabilitation units (1, 2). OSAS is associated with lower cognitive ability (3), motor ability (4), and daily activity (5) in patients admitted for stroke rehabilitation. Early use of continuous positive airway pressure (CPAP) appears to accelerate neurological recovery and delay cardiovascular events in patients with ischemic stroke (6). However, multiple randomized trials have demonstrated that the efficacy of CPAP has been limited due to poor clinical acceptance and adherence (7, 8). The poor treatment adherence, 12–15% as previously reported (9, 10), is a major limitation resulting in the overall poor efficacy for CPAP. Therefore, finding alternative therapies should help alleviate obstruction in the upper airway and improve compliance. Multiple imaging modalities have been used to study the airway passage and have demonstrated anatomical differences between patients with and without OSAS for physiologic dysfunction of muscles (10, 11). Electromyographic findings suggest reduced pharyngeal muscles and lingualis motility in patients with ischemic stroke (12, 13). Recent studies have demonstrated that training the upper airway muscles can ameliorate moderate OSAS (14, 15). The set of oropharyngeal exercises used in the present study was developed in 16 years and has previously been shown to be effective in patients with stroke-free OSAS in uncontrolled and controlled studies (14–16). However, its therapeutic effect on post-stroke OSAS has not been studied. The present study focused on patients with OSAS in stroke rehabilitation units. The primary aim of the study was to assess the effects of oropharingeal muscle exercises in obstruction severity. The secondary aims were to evaluate the effects of the exercises on recovery of neurological function, sleeping, and anatomic changing of upper airway. It was hypothesized that oropharyngeal muscle exercise could be beneficial for patients' recovery in the airway obstruction and in the motor, neurocognitive, and ADL performance after stroke.



METHODS


Trial Design and Oversight

The present study was an open-label, parallel-group, randomized, controlled trial (Clinical Trial Registration; http://www.chictr.org.cn. Unique identifier: ChiCTR-IPR-16009970). It was approved by the ethics committee of the affiliated Zhongshan Hospital of Dalian University in February 2016 (approval number 2016040). Patients were recruited from November 2016 to November 2017. All participants provided informed written consent.



Inclusion and Exclusion Criteria

Stroke patients visiting the rehabilitation center of the affiliated Zhongshan Hospital of Dalian University were recruited for the study from November 2016 to November 2017. Patients who experienced a first stroke that was either hemorrhagic or ischemic within 3 weeks were scheduled for stroke rehabilitation. The inclusion criteria included patients who snored, had the ability to participate in the sleep study, and complete the functional assessment. The patients' AHI should be >15 and <30 events/hour by polysomnography (PSG). Patients were excluded based on one or more of the following criteria: body mass index (BMI) 40 kg/m2 or greater, craniofacial malformations, agomphosis, severe nasal disease, regular use of hypnotic medications, hypothyroidism, previous stroke, aphasia, neuromuscular disease, heart failure, or severe obstructive nasal disease. Sleep-disordered breathing was evaluated using a simple four-variable screening tool. The patients with screening scores below 10 were excluded (17, 18) (Figure 1).
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FIGURE 1. Research design.





Sleep Apnea Diagnosis

A respiratory sleep study was performed in the hospital ward within the first 48–72 h after transferring from the stroke unit to the rehabilitation unit. PSG was performed by trained staff at the patient's bedside before and after therapy. The PSG included electroencephalogram, respiratory inductive plethysmography, electrocardiogram, and oxygen saturation (SaO2%). Portable unattended PSG (LifeShirt, Vivometrics, CA, USA) was used for the measurements (1). Apnea was defined as the reduction in peak signal excursion by ≥90% of the pre-event baseline that lasted for ≥10 s. Hypopnea was defined as a reduction in the peak signal excursion of ≥30% for ≥10 s with a corresponding oxygen desaturation event of ≥4%. The AHI was calculated using the total apneic and hypopneic events detected per hour of the recorded night data. Sleep apnea was diagnosed when the AHI ≥5 events/hour. Respiratory events in the presence of abdominal effort were scored as obstructive, and respiratory events in the absence of abdominal effort were scored as central events. A respiratory event was scored as a mixed apnea if it met the apnea criteria and was associated with the absence of inspiratory effort in the second portion of the event. For the purpose of distinguishing between obstructive and central sleep apnea, mixed apneas were classified as obstructive respiratory events (1).



Intervention

Oropharyngeal muscle exercises were derived from speech–language pathology and included soft palate, tongue, and facial muscle exercises. Patients were instructed by a single speech pathologist to perform the following tasks (14). The concrete proposal of the exercises see the Table 1. Patients would receive assistance from the therapist if they were unable to complete the motion or performed it inadequately. All the exercises were included in a 20-min training session and administered twice a day to the patients in the therapy group. The control group was subjected to 20-min deep breathing training twice a day.



Table 1. Oropharyngeal muscle exercises record.
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Randomization

All the patients were randomized to receive either conventional treatment for stroke combined with oropharyngeal muscle exercise (therapy group) or deep breathing (control group) using a computer-generated random list (1:1 ratio) for 6 weeks. Patients' training time was recorded by the speech pathologist.



Outcomes

The primary outcomes were obstruction severity by PSG including apnea–hypopnea index (AHI), minimum SaO2%, arousal index per sleep hour (AI), and snore index (SI). Several domains were evaluated as secondary outcomes. Motor recovery was evaluated using the Fugl–Meyer assessment (FMA), which included the upper or lower extremity motor performance (19). ADL was assessed by one occupational therapist using the basic Barthel Index (20). Cognition recovery was assessed using the Mini-Mental State Examination (MMSE) scale (21). Secondary outcomes also included sleep quality, sleepiness, and airway MRI measurements. The Stanford Sleepiness Scale (SSS) was administered to assess the level of sleepiness (22). The Pittsburgh Sleep Quality Index (PSQI) was used to determine the participants' sleep habits and quality (23). The participants with OSAS completed the functional, motor, and sleeping quality assessments between 9:00 and 11:00 a.m. administered by individuals who were blinded to subject randomization. Assessment scales were completed before and at the end of the intervention. Assessments were made at baseline and after 6-week exercise.



Airway MRI Measurements

The brain MRI examination was performed on 30 patients (15 from each group) at the beginning and end of the intervention. Images were obtained in the supine position with the head in the neutral position. Brain MRI scans were retrieved from the hospital's PACS archives, and measurements were performed using the syngo.via image software (Siemens). Experienced neuroradiologists who were blinded to the interventions performed all the measurements. Measurements included the retropalatal distance (midsagittal T1), soft palatal length (midsagittal T1), soft palatal thickness (midsagittal T1), retroglossal space (midsagittal T1), tongue length (midsagittal T1), nasopharyngeal area (axial T2), and lateral pharyngeal wall thickness (coronal T1) (24) (Figure 2).


[image: image]

FIGURE 2. MRI measurements. (A) Retropalatal distance on a sagittal T1-weighted image. (B) Palatal length on a sagittal T1-weighted image. (C) Palatal thickness on a sagittal T1-weighted image. (D) Retroglossal space on a sagittal T1-weighted image. (E) Tongue length on a sagittal T1-weighted image. (F) Cross-sectional area of the retropharyngeal region on an axial T2-weighted image. (G,H) Lateral pharyngeal wall thickness on a coronal T1-weighted image.





Statistical Analysis

At least 17 patients in each group were required to determine a 50% reduction in objective snoring in patients randomized to oropharyngeal exercises based on a previous study, using a two-sample design and the assumption of an α of 0.05 and 80% power (14). Data were expressed as mean [standard deviation (SD)] for normal distribution and as median (interquartile range 25–75%) for skewed variables. Data were analyzed using SPSS (version 22.0, IBM, NY, USA). The variables were tested for normal distribution using the Kolmogorov–Smirnov test. Variables not normally distributed were logarithmically transformed. Two-factor analysis of variance with adjustment for gender and calendar age was used to compare differences between groups for variables measured at baseline and after 6 weeks. Paired-samples t-tests were used to compare the difference in the value within a group between the baseline and after 6 weeks. Effect size values were calculated using Cohen's d. The effect size was computed by finding the difference between the control and treatment groups in the outcome measure after 6-week exercises and dividing this value by the pooled SD. As set forth by Cohen (1988), an effect size <0.2 was considered a small effect; 0.21–0.5 was a medium effect; and >0.8 was a large effect. The changes in PSG parameters, sleeping characteristics, performance scale, and MRI measurements were calculated using the difference in the values between 6 weeks and onset. The association between the changes and training time was assessed using the Pearson's correlation analysis. The correlation coefficient <0.2 was considered an extremely weak correlation or no correlation, 0.21–0.4 was considered a weak correlation, 0.41–0.6 was considered a moderate correlation, 0.61–0.8 was considered a strong correlation, and 0.41–0.6 was considered an extremely strong correlation (25). A P < 0.05 was considered significant.




RESULTS

A total of 196 stroke patients with snoring complaints were screened in this study. Fifty-six patients with screening scores above 10 were administered a polysomnography (PSG). Four patients who were unable to complete the PSG were excluded. Only two patients had an AHI ≤ 15. They were excluded for maintaining consistency of the moderate of apnea. Finally, 50 patients were selected for the study with 30 ≥ AHI ≥ 15 events/hour. One patient in the control group withdrew due to recurrent strokes (Figure 1). The remaining patients achieved 81.5–100% of the expected training time. The demographic, sleep characteristics and training time, according to the group assigned, are presented in Table 2. Patients assigned to the control and therapy groups had similar baseline characteristics (Table 2). Obstructive sleep apnea was the predominant respiratory event, with central apneas being rare, while none of the patients had pure central sleep apnea.



Table 2. Anthropometric data and baseline characteristics of the total sample.
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Primary Outcomes

After 6 weeks of treatment, no significant changes were observed in the control group; however, significant changes were observed in the therapy group (Table 3). In contrast, patients who were randomized into the oropharyngeal muscle exercise group had a significant decrease in AHI (P = 0.004), AI (P = 0.010), and SI (P = 0.006), and an increase in minimum SaO2% (P = 0.039) between the control and therapy groups with adjustment for gender and calendar age (Table 3). The values of effect size for AHI, AI, SI, and minimum SaO2% were all > 0.8, indicating a large effect of exercises on the improvement in airway obstruction (Table 4). After the Pearson's correlation analysis, moderate correlations were found between the training time of oropharyngeal exercises and the changes in SI, AI, minimum SaO2% (all P < 0.05), and a strong correlation between the training time and AHI change (r = −0.833, P < 0.001) (Table 5).



Table 3. Polysomnographic, sleeping, and performance data.
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Table 4. The effect size measure for the difference between the groups after 6 weeks exercise.
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Table 5. Correlation of the training time and the change of PSG parameter, sleep characteristics, and performance in Pearson's correlation analysis.
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Secondary Outcomes

Patients assigned to the exercise group experienced a significant increase in motor function (FMA) (P = 0.006) and basic ADL score (Barthel Index) (P < 0.001) (Table 3), implying a large effect (Table 4). Despite an increase in cognitive function (MMSE), no significant difference between the two groups was observed. The results of Pearson's correlation analysis indicated that there were moderate correlations between the training time of oropharyngeal exercises and the changes in basic ADL scores (r = 0.569, P = 0.003), and a strong correlation between the training time and FMA change (r = 0.627, P = 0.001). However, no correlation was found between the training time and MMSE (r = 0.358, P = 0.079) (Table 5). The exercises significantly improved the scores for the sleep quality questionnaires (P = 0.017). The results of SSS decreased (P = 0.005), indicating that the excessive daytime sleepiness reduced (Table 3). The values of effect size for SSS and PSQI were >0.8, implying a large effect of exercises on the improvement in sleeping quality and daytime sleepiness (Table 4). Comparisons of MRI measurements between the therapy and control groups are shown in Table 6. After therapy, the retropalatal distance was significantly larger in the therapy group than in the control group (P = 0.018). The length of the soft palate was also found to be reduced significantly in the therapy group than in the control group (P = 0.044). Regarding the difference in the outcome measure after 6-week exercises between the control and treatment groups, the values of effect size showed that the exercises had a large effect on the retropalatal distance and soft palate length and small effects on other measurements (Table 7). The results of the Pearson's correlation analysis demonstrated the association between the MRI measurement changes and the training time of oropharyngeal exercises (Table 8). Larger retropalatal distance (r = 0.800, P < 0.001) and shorter soft palates (r = −0.747, P = 0.001) were strongly associated with longer training times.



Table 6. MRI measurement data (mm or mm2).
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Table 7. The effect size measure for the difference between the groups after 6 weeks exercise.
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Table 8. Correlation of the training time and MRI measures change in Pearson's correlation analysis.
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DISCUSSION

The present study examined the effects of oropharyngeal exercise in stroke patients with moderate OSAS using objective polysomnography measurements and quantification of subjective symptoms, including snoring, daytime sleepiness, and sleep quality. Good compliance was observed in participation and time spent on the exercises. A satisfactory therapeutic effect of oropharyngeal exercise on OSAS was demonstrated by the decrease in AHI, AI, and SI and increase in minimum SaO2%, suggesting the improvement in upper airway obstruction. According to the PSG results (14 ≥ AHI ≥ 5, 89 ≥ SaO2% ≥ 85) (26), 52.0% (13 in 25) of subjects in treatment group was diagnosed with mild OSAS comparing with 4.1% (1 in 24) in control group after 6 weeks exercises. In cases of severe and moderate OSAS, treatment is necessary and CPAP is the first-line option (27). Significant increasing were observed on oxygen saturation CPAP titration (more than 15%), and also 90% decrease was recorded on AHI in patients with stroke-free OSAS (28). However, CPAP treats OSAS but is generally poorly tolerated by stroke patients. The result of previous study on nasal expiratory positive airway pressure (EPAP) for sleep apnea after stroke shew a 33.5% decrease on AHI and a 11.4% increase on minimum SaO2% (29). The results of the present research (a 25.5% decrease on AHI and a 6.19% increase on minimum SaO2%) indicate that the effect of oropharyngeal exercise on improvement of airway obstruction seems to lower than CPAP and EPAP.

The genesis of post-stroke OSAS is multifactorial and includes anatomic and physiological factors. Upper airway dilator muscles are crucial for maintaining pharyngeal patency and may contribute to the genesis of OSAS (30). The influence of oropharyngeal exercise on the upper airway anatomy was explored in the present study. Retropalatal distance increased significantly after exercise. Additionally, the soft palate measurements showed that the obstruction in the pharyngeal morphology improved after exercise. The clinical significance of the change in upper airway anatomy was confirmed by effect size (Cohen's d). A previous study demonstrated that shorter retropalatal distances were associated with higher AHIs (24). Longer vertical soft palatal dimensions were observed in both non-stroke and stroke patients with OSAS (11, 24). The larger retropalatal distances and shorter soft palate length related to tonic activity were thought to enhance the stiffness in the rostral upper airway. Hence, it was believed that obstruction in the upper airway was alleviated by the exercises via the increase in muscular tension of the pharyngeal muscles. Epidemiological studies on stroke patients have shown that hypoactivation of the tongue is the major mechanism underlying narrowing and closing of the upper airway (14, 31). The neural modulation and motor output to the genioglossus muscle of the tongue are weak in wakefulness and natural sleep (32). Anatomically, movement of the tongue not only engages the lingualis but also the pharyngeal muscles around it. In the present study, 5 of the 10 movement exercises were related to the lingualis. Although the length of the tongue did not change significantly on MRI, the lingualis and pharyngeal muscles improved after exercise. A recent study indicated that single tongue treatment by intraoral electrical neurostimulation could reduce snoring but not AHI (33). In the present study, oropharyngeal and lingual muscle exercises reduced AHI. Hence, the muscle groups exercised for the upper airway benefited stroke patients with OSAS.

The training time of oropharyngeal muscle exercise was an important factor, as a kind of kinetotherapy. Both therapeutic effects and a good compliance need to be taken into account. Ieto et al. instructed patients to perform oropharyngeal exercises three times a day, including the six mastication patterns for approximately 8 min. Oropharyngeal exercises were effective in reducing objectively measured snoring (15). Guimarães's 30-min oropharyngeal exercises included six actions for linguales, five for facial muscles, and one for swallowing and chewing. It improved the snoring frequency, daytime sleepiness, and neck circumference (14). In Puhan's study on didgeridoo-playing treatment for OSAS, participants had to practice at home for at least 20 min on at least 5 days a week, which improved the daytime sleepiness and AHI (34). In the present study, the training time was 20 min twice a day. All the patients attainted 81.5–100% of training time. A positive correlation existed between the improvement in performance and training time. According to the results of Pearson's correlation analysis, reextension of time or frequency might lead to further improvement. However, the compliance likely declined because the exercise was a bit tedious in spots.

Previous studies demonstrated that OSAS was an independent predictor for worse functional outcome in post-stroke patients (35, 36). In a previous study, respiratory sleep disorders correlated with early neurological deterioration and less satisfactory functional outcomes as evaluated using the Barthel Index (37). Patients with recent stroke and sleep apnea were found to have a poorer functional outcome assessed using the Barthel Index at discharge from rehabilitation and 3 and 12 months after stroke onset (38). The present study focused on whether effective treatment of OSAS after stroke improved functional outcome. The results showed that recovery of motor function improved after oropharyngeal muscle exercise. The physical ADL estimated using the Barthel Index also improved significantly after the exercise intervention. Previous randomized studies on subacute stroke patients (in the range of 2–4 weeks) demonstrated the beneficial effects of CPAP on sleep architecture, motor function, and ADL (4, 7). The functional independence and motor improvements might have alleviated the adverse cerebrovascular effects of OSAS, possibly through enhanced neuroplasticity. A previous study found that unilateral nasal obstruction in rats during growth periods induced changes in arterial SaO2% and altered the development of motor representation within the face primary cortex (39). The greater reduction in alveolar ventilation during REM sleep also resulted in transient declines in SaO2% from a sustained level of hypoxia during NREM sleep for OSAS. Patients with OSAS demonstrated increased motor cortex inhibition by increasing GABAergic tone (40). The results of PSG in both previous studies and the present study indicated that the apnea–hypopnea events and minimum SaO2% were ameliorated by both CPAP and oropharyngeal exercise. Therefore, the promotion of motor function and functional independence might enhance neuroplasticity by oropharyngeal muscle exercise, which may result from its positive cerebral SaO2% effects. However, the difference in cognitive function after exercise between the two groups was not significant, which was also observed in studies using CPAP therapy for stroke patients with OSAS (7, 36, 41). The exact mechanism has yet to be deciphered and needs more investigation.

The present study had some limitations. First, patients enrolled in the study were required to complete the questionnaire evaluation and oropharyngeal muscle exercises. Patients with significant physical impairment or aphasia were excluded. Thus, the results of this study may not be applicable to patients with severe strokes. Second, based on the inclusion and exclusion criteria, most of the patients enrolled had moderate OSAS (AHI from 15 to 30). The therapeutic efficacy of exercise in mild and severe OSAS should be investigated further. Third, the sleep status of patients during MRI was not documented. Differences in MRI measurements on airway have been observed in awake patients with and without OSAS (24). Hence, it is believed that this method can be used to evaluate changes in the anatomic structures of the airway. Finally, CPAP is the clinically recommended treatment for stroke patients with OSAS. Unfortunately, the therapeutic efficacy of exercise and CPAP could not be compared due to limited resources. This is an important comparison and should be conducted in future studies.



CONCLUSIONS

In conclusion, oropharyngeal muscle exercises reduced OSAS severity and increased sleep quality in stroke patients with moderate OSAS. The oropharyngeal exercise also improved the rehabilitation of motor function and personal ADL. The anatomic structural remodeling of the upper airway (larger retropalatal distance and shorter soft palate) observed by MRI improved after exercise. The results suggested that the set of oropharyngeal muscle exercises used in the present study may serve as a promising alternative therapeutic strategy for stroke patients with moderate OSAS.
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Many patients with incomplete spinal cord injury (iSCI) have impaired gait and balance capacity, which may impact daily functioning. Reduced walking speed and impaired gait stability are considered important underlying factors for reduced daily functioning. With conventional therapy, patients are limited in training gait stability, but this can be trained on a treadmill in a virtual environment, such as with the Gait Real-time Analysis Interactive Lab (GRAIL). Our objective was to evaluate the effect of 6-weeks GRAIL-training on gait and dynamic balance in ambulatory iSCI patients. In addition, the long-term effect was assessed. Fifteen patients with chronic iSCI participated. The GRAIL training consisted of 12 one-hour training sessions during a 6-week period. Patients performed 2 minute walking tests on the GRAIL in a self-paced mode at the 2nd, and 3rd (baseline measurements) and at the 12th training session. Ten patients performed an additional measurement after 6 months. The primary outcome was walking speed. Secondary outcomes were stride length, stride frequency, step width, and balance confidence. In addition, biomechanical gait stability measures based on the position of the center of mass (CoM) or the extrapolated center of mass (XCoM) relative to the center of pressure (CoP) or the base of support (BoS) were derived: dynamic stability margin (DSM), XCoM-CoP distance in anterior-posterior (AP) and medial-lateral (ML) directions, and CoM-CoP inclination angles in AP and ML directions. The effect of GRAIL-training was tested with a one-way repeated measures ANOVA (α = 0.05) and post-hoc paired samples t-tests (α = 0.017). Walking speed was higher after GRAIL training (1.04 m/s) compared to both baseline measurements (0.85 and 0.93 m/s) (p < 0.001). Significant improvements were also found for stride length (p < 0.001) and stability measures in AP direction (XCoM-CoPAP (p < 0.001) and CoM-CoPAP−angle (p < 0.001)). Stride frequency (p = 0.27), step width (p = 0.19), and stability measures DSM (p = 0.06), XCoM-CoPML (p = 0.97), and CoM-CoPML−angle (p = 0.69) did not improve. Balance confidence was increased after GRAIL training (p = 0.001). The effects were remained at 6 months. Increased walking speed, stride length, AP gait stability, and balance confidence suggest that GRAIL-training improves gait and dynamic balance in patients with chronic iSCI. In contrast, stability measures in ML direction did not respond to GRAIL-training.

Keywords: spinal cord injury, virtual reality, gait, balance, stability, ambulatory, rehabilitation, walking


INTRODUCTION

Approximately 60% of the patients with a spinal cord injury (SCI) suffer an incomplete lesion (1). In the chronic phase of an incomplete SCI (iSCI) many patients will encounter deficits at and below the level of the lesion such as muscle weakness, spasticity, and impaired muscle coordination (2). These deficits can impact on functional ambulation (3) and social participation (4). For functional ambulation, walking speed is considered one of the most important parameters (5). Generally, iSCI patients walk at a low preferred walking speed (5) and with a deviant walking pattern (2, 6). One of the underlying causes of the reduced walking performance is impaired balance (7, 8). The high incidence of falls, ranging from 39 to 75% (9, 10), supports the impaired balance in ambulatory patients with iSCI.

Frequently, an important goal of rehabilitation is to improve balance and walking speed. Various interventions and training approaches aiming to improve walking performance in iSCI patients have been introduced and all approaches show some improvement without supremacy of one intervention over others (11). Typical examples of balance and walking training are individual physical therapy and (body-weight-supported) treadmill training. However, these therapies are limited in training patients to react to environmental circumstances without challenging their balance capacity to individual limits.

In recent years, training in a virtual environment has been introduced in rehabilitation (12, 13). In these virtual environments, a simulation of challenging real life situations (such as walking in a forest) can be presented without exposing the user to the direct danger of falling. In this way, patients are given the opportunity to train their gait and balance capacities by exploring their boundaries in a challenging and safe environment (14). Training in virtual environments will provide patients with important prerequisites for motor rehabilitation, such as repetitive practice, feedback about performance, and motivation to endure practice (12). In the virtual environment tasks involving precision stepping, obstacle avoidance, and/or reacting to perturbations, often referred to as “gait adaptability training,” can be performed in quick succession. Such training is highly relevant to relearn daily activities such as walking on uneven surfaces or in crowded places, where people need to adapt their walking speed and walking pattern to environmental circumstances (15–18). Previous research shows that gait adaptability training can improve functional ambulation by preventing falls (19) and improving gait stability in elderly, stroke patients, and patients with Parkinson's disease (20–23). In iSCI patients training precision stepping has been shown to improve walking capacity measured with the SCI functional ambulation profile [SCI-FAP, (24)]. More recently, however, Fox and colleagues concluded that the efficacy of gait adaptability training on walking and balance function should be further investigated (25).

Although walking speed is considered to be the most important characteristic of walking performance, balance capacity is a key element of functional ambulation as well (7, 8). Studies that focused on balance in iSCI patients often used the Berg Balance Scale as a primary outcome (8, 26, 27). The Berg Balance Scale is easy to use, but it is known to have a ceiling effect (28) and assesses balance in rather static situations. Measuring gait stability is more complex and often requires additional equipment such as force plates and a motion capture system. Some virtual reality gait training devices, such as the GRAIL (Gait Real-time Analysis Interactive Lab), can be used as both a training and measurement device. The GRAIL consists of an instrumented dual belt treadmill with two embedded force plates and an eight-camera VICON motion capture system (VICON, Oxford, United Kingdom). The self-paced mode of the GRAIL allows patients to vary the treadmill speed during walking, which induces a natural way of walking (29), especially when a visual flow is presented in the virtual environment (30). When reflective markers are adhered to the participants body, the marker data can be captured for objective offline movement analysis. In addition to walking speed, more complex biomechanical measures related to gait stability can be derived. Previous studies showed that these biomechanical gait stability measures were able to distinguish between elderly with and without balance problems (31, 32), between above-knee amputees and control subjects (33), and between more and less affected stroke patients (34). However, the responsiveness of the stability measures to gait training is unknown.

The main objective of this study was to evaluate the effect of 6 weeks GRAIL training on gait and dynamic balance capacity in ambulatory patients with chronic iSCI. In addition, the long-term effect was assessed 6 months after GRAIL training. Walking speed was used as a primary outcome, while other spatio-temporal parameters and gait stability measures were assessed as secondary outcome parameters. We hypothesized that GRAIL training will result in an improved walking speed and gait stability.



MATERIALS AND METHODS


Participants

Patients with iSCI who were referred to GRAIL training by a rehabilitation physician in the Sint Maartenskliniek between June 2016 and December 2017 were eligible to participate in this study. Eligible persons were adults in the chronic phase (>6 months) with an iSCI [American Spinal Injury Association Impairment Scale (AIS) C or D] who could walk independently for 2 min without assistance [Functional Ambulation Categories (FAC) ≥3]. Patients were excluded if (i) they were not able to walk in the self-paced mode of the GRAIL without using the handrails, (ii) had other neurological or lower limb impairments in addition to the iSCI, (iii) had vision problems, or (iv) had walking and/or balance problems prior to the iSCI. The exclusion criteria (ii), (iii), and (iv) were checked by the researcher through questions. All participants gave written informed consent in accordance with the Declaration of Helsinki. The study was approved by the regional medical ethics committee of Arnhem-Nijmegen (2016–2474) and by the internal review board of the Sint Maartenskliniek.



Equipment

All training sessions and measurements were performed on the GRAIL at the Sint Maartenskliniek in Nijmegen (Figure 1). The GRAIL consisted of an instrumented dual belt treadmill with two embedded force plates and an eight-camera VICON motion capture system (VICON, Oxford, United Kingdom). The platform was able to move in several directions to generate mechanical perturbations. In front of the treadmill, virtual reality environments were projected on a 180° semi-cylindrical screen. Reflective markers were adhered to the patients to interact with the virtual environment and to capture kinematic data. The GRAIL system was controlled and the visual information was matched to the treadmill speed with the D-flow software (Motek Forcelink, Amsterdam, the Netherlands, version 3.22.1). To assure safety, patients wore a safety harness without body weight support.
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FIGURE 1. Gait Real-time Analysis Interactive Lab (GRAIL) at the Sint Maartenskliniek. Both persons have given their written and informed consent for publication of the picture.





Protocol

Intervention

The GRAIL training consisted of 12 1-h training sessions spread over a 6-week period. Per training session one physical therapist guided the training and a maximum of two physical therapists were responsible for all training sessions given to one patient. All physical therapists were certified GRAIL operators. Each training was individualized, as the physical therapist chose the training applications based on the specific rehabilitation goal and current level of the patient. For instance, patients who had problems maintaining their balance in stance typically performed applications in which they had to shift their weight, whereas patients with gait adaptability problems performed applications in which they had to perform precision stepping or obstacle avoidance. During the GRAIL training multiple applications were performed and after each training session the physical therapist documented the type and level of the performed applications. The applications were categorized in three themes; “gait adaptability,” “walking+,” “balance in stance” (see Table 2). The first GRAIL training session was used for familiarization with the GRAIL system. From the second to the last training session, training intensity, and complexity were gradually and individually increased.

Gait Measurements

To evaluate the effect of GRAIL training on gait and balance, patients performed the 2 minute walking test (2MWT) at the 2nd, 3rd, and last (12th) training sessions (baseline 1, baseline 2, and post measurement, respectively). For familiarization with the task, the 2nd baseline measurement (at the 3rd training session) was added to neutralize early learning (or task adaptation) effects. To evaluate the long-term effect of GRAIL training on gait and balance, patients performed one additional 2MWT on the GRAIL 6 months after the last training session (follow-up). Patients performed the 2MWT in the self-paced mode on the GRAIL, which allowed them to walk at a self-selected speed. In the self-paced mode, the speed of the treadmill was automatically controlled using the anterior-posterior (AP) position of the pelvis markers and the AP midline of the treadmill. Walking forward or backward relative to the midline resulted in an acceleration or deceleration of the treadmill, respectively (Figure 2). Before measuring the 2MWT, patients received some explanation about the self-paced mode and performed a few practice trials to reach their preferred walking speed in a similar manner as in the study of Plotnik and colleagues (30). During the 2MWT on the GRAIL, patients were instructed to walk as far as possible at a comfortable walking speed in 2 min. Patients received no feedback about their walking speed.
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FIGURE 2. Self-paced mode on the GRAIL.



The self-paced mode was set at the lowest sensitivity value of 1.0 (setting ranged between 1 and 5). The maximum acceleration and deceleration of the treadmill was set at 0.25 m/s2. Before the start of the 2MWT, 19 reflective markers were adhered to the following anatomical landmarks: left and right acromion process, humeral lateral epicondyle, ulnar styloid process, anterior superior iliac spine (ASIS), posterior superior iliac spine (PSIS), femoral lateral epicondyle, lateral malleolus, metatarsal II, calcaneus, and 7th cervical vertebra (Figure 3). The data of the reflective markers was sampled at a frequency of 100 Hz and the sample frequency of the force plates was 1,000 Hz. The data of the reflective markers were labeled using VICON Nexus 2.4 and analyzed using MATLAB R2017b. A zero lag second-order Butterworth filter with a cut-off frequency of 10 Hz was used to filter the marker data. A cut-off frequency of 7 Hz was used for the force data. Before the patients walked at their preferred walking speed, the treadmill had to accelerate. To remove the acceleration phase, the first 20 s of the 2MWT were removed before data analysis.
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FIGURE 3. Placement of the reflective markers.



Spatiotemporal Parameters

The primary outcome was walking speed defined as the average treadmill speed (m/s). Other spatiotemporal gait parameters (stride length, step width, and stride frequency) were used as secondary outcome parameters. Stride length (cm) was determined as the average AP-distance between the heel markers at two consecutive heel strikes on the same side. Step width (cm) was determined as the average ML-distance between the heel markers at heel strike. Stride frequency (strides/s) was defined as the inverse of the interval between heel strikes of the same foot. Heel strikes were defined as the instant that the calcaneus marker started moving backwards.

Gait stability measures

The stability measures used in the current study were based on the position of the center of mass (CoM) or the extrapolated center of mass (XCoM) relative to the center of pressure (CoP) or the base of support (BoS), during a specific moment of the gait cycle (e.g., double support or heel strike). The position of the CoM depends on sex, body posture, and direction of the limbs. In this study the CoM was calculated using 19 reflective markers according to a method first described by Tisserand et al. (35). The XCoM takes the position and velocity of the CoM into account and is used to formulate requirements for gait stability (36). To calculate the XCoM, the equation of Hof et al was used (36, 37):
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CoM' represents the ground projection of the CoM, vCoM the velocity of the CoM, g = 9.81 m/s2, and l the maximum height of the CoM (36, 37). The CoP is the centroid of pressure distribution on the plantar surface of the foot and has been used to identify balance control during posture and gait (38). The equation of Sloot et al was used to calculate the CoP for both force plates (39):
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F represents the force in anterior-posterior (AP), medial-lateral (ML), and vertical (V) directions, M the moment of force, and CoPV the vertical distance between the surface of the treadmill belt and the force plates (39). During the double support phase, the weighted average of the CoP in ML and AP directions was calculated based on the CoP of both force plates.

In this study the following five gait stability measures were calculated: the dynamic margin of stability (DSM) (34), the XCoM-CoP distance in AP and ML directions (32, 33), and the CoM-CoP inclination angles in AP and ML directions (31). In general, better gait stability is characterized by a position of the XCoM far in front of the BoS in the AP direction, which suggests that patients are confident in walking at higher speeds with longer steps. In the ML direction, better gait stability is characterized by a position of the XCoM closer to the boundaries of the BoS, often accompanied by walking with a smaller step width. The DSM was calculated as the average of the shortest distance between the front line of the BoS (i.e., the line between the two metatarsal II markers) and the XCoM during double support (34) (See Figure 4A for a visual representation). A large positive DSM represents better balance control than a negative DSM (i.e., XCoM within the BoS) or smaller DSM. The distances between the XCoM and CoP were calculated at each heel strike in AP (Figure 4B) and ML directions (Figure 4C) separately (32, 33). A larger XCoM-CoPAP distance and a smaller XCoM-CoPML distance reflect better balance control. The CoM-CoP inclination angles were calculated from the angle between the position of the CoM and the vertical line through the CoP (31). The peak inclination angles were defined as the range between the maximum and minimum inclination angles in AP (Figure 4D) and ML directions (Figure 4E) of each gait cycle. A larger peak inclination angle in the AP direction and a smaller peak inclination angle in the ML direction represent better balance control.
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FIGURE 4. Gait stability measures based on the position of the center of mass (CoM), extrapolated center of mass (XCoM), center of pressure (CoP), and/or base of support (BoS) relative to each other; (A) dynamic stability margin (DSM), (B,C) XCoM-CoP distance in anterior-posterior (AP) and medial-lateral (ML) direction, (D,E) CoM-CoP inclination angles in AP and ML direction.



Balance Confidence Assessment

Balance confidence was assessed with the activities specific balance confidence (ABC) (0–100) scale (40, 41) at the second training session (before the first baseline measurement), at the last training session (after the post measurement) and at 6 months after the last training session (after the follow-up measurement).



Statistical Analysis

Effect of GRAIL Training

The spatiotemporal gait parameters (walking speed, stride length, step width, and stride frequency) and gait stability measures (DSM, XCoM-CoPAP distance, XCoM-CoPML distance, CoM-CoPAP−angle, and CoM-CoPML−angle) were analyzed using descriptive statistics (mean and standard deviation). Differences in the spatiotemporal gait parameters and gait stability measures between the three measurements (baseline 1, baseline 2, and post measurement) were assessed with a one-way (factor Time) repeated measures ANOVA (α = 0.05). If the assumption of sphericity was violated, the degrees of freedom were corrected using Greenhouse-Geisser correction and the Pillai's Trace value (V) was given. In the case of a significant effect of Time, paired samples t-tests with Bonferroni correction (α = 0.017) were performed to determine which measurements were different from each other. In case the assumption of normality was violated, median, and ranges were calculated and a non-parametric Friedman test (α = 0.05) with Wilcoxon signed-rank post-hoc test (α = 0.017) was performed. The effect of GRAIL training on balance confidence (the scores on the pre and post ABC-scale) was tested with paired samples t-test (α = 0.05). F and t-values were given when the repeated measures ANOVA and paired samples t-test were used, while X[image: image] and T were given for the non-parametric Friedman test and Wilcoxon signed-rank test.

Long-Term Effect of GRAIL Training

The long-term effect of GRAIL training was evaluated by testing the differences in spatiotemporal gait parameters (walking speed, stride length, step width, and stride frequency) and gait stability measures (DSM, XCoM-CoPAP distance, XCoM-CoPML distance, CoM-CoPAP−angle, and CoM-CoPML−angle) between the post and follow-up measurements as well as between the baseline 2 and follow-up measurements using paired samples t-tests (α = 0.05). When the assumption of normality was violated, median, and ranges were calculated and a non-parametric Wilcoxon signed-rank test (α = 0.05) was performed. t-values were given when the paired samples t-test was used, while T was given for the non-parametric equivalent, the Wilcoxon signed-rank test.




RESULTS


Participants

In total 20 patients were assessed for eligibility in the study. Three patients were ineligible because they could not walk in the self-paced mode without using the handrails (exclusion criteria). One patient declined to participate. Sixteen patients were included in the study. One dropped out before completing the post measurement, resulting in 15 patients who performed the baseline 1, baseline 2, and post measurements (Figure 5). An overview of the patient characteristics is given in Table 1.


[image: image]

FIGURE 5. Flow diagram of patients in the study.





Table 1. Patient characteristwics.
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Content of GRAIL Training

Two patients received 9 and 8 GRAIL training sessions instead of the scheduled 12 training sessions. These patients canceled some training sessions at short notice, which made it impossible to reschedule the sessions within the training period. The other 13 patients received 12 GRAIL training sessions. In total 30 different applications were performed during the GRAIL training. The themes of these applications were categorized in “gait adaptability” (13 applications), “walking+” (8 applications), and “balance in stance” (9 applications). On average, patients performed 3.7 ± 0.9 applications during one training session, of which 1.4 ± 0.4 were gait adaptability applications, 1.3 ± 0.4 walking+ applications, and 1.0 ± 0.5 balance in stance applications. The most frequently practiced applications for gait adaptability were “Microbes” (42%), for walking+ “Perturbations” (23%), and for balance in stance “Traffic jam” (42%). An explanation of the most frequently practiced applications per theme is depicted in Table 2.



Table 2. Most frequently performed applications on the GRAIL per theme.
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Effect of GRAIL Training

Spatiotemporal Parameters

The repeated measures ANOVA revealed significant Time effects of GRAIL training on walking speed [F(2, 28) = 18.53, p < 0.001]. Post-hoc analysis showed that the mean walking speed was significantly higher at post measurement (1.04 ± 0.38 m/s) compared to baseline 1 (0.85 ± 0.41 m/s, p<0.001) and baseline 2 (0.93 ± 0.37 m/s, p = 0.003). There was a significant effect of GRAIL training on the stride length, [F(2, 28) = 15.76, p<0.001]. Stride length was significantly larger at the post measurement (112 ± 31cm) compared to baseline 1 (94 ± 39 cm, p<0.001) and baseline 2 (101 ± 33 cm, p = 0.002). Stride frequency [V = 0.18, F(2, 13) = 1.45, p = 0.27] and step width [F(2, 28) = 1.76, p = 0.19] were not significantly affected by GRAIL training. The spatiotemporal gait parameters at the three measurements are shown in Figure 6.
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FIGURE 6. The spatiotemporal gait parameters (means and standard deviations) during the 6 weeks GRAIL training. *Asterisk indicates a post-hoc significant difference (α = 0.017).



Gait Stability Measures

The repeated measures ANOVA revealed significant Time effects on XCoM-CoPAP distance [F(2, 28) = 19.48, p < 0.001] and CoM-CoPAP−angle [F(2, 28) = 15.90, p < 0.001]. The XCoM-CoPAP distance was significantly higher at post measurement (491 ± 175 mm) compared to baseline 1 (404 ± 195 mm, p<0.001) and baseline 2 (441 ± 177 mm, p = 0.003). The CoM-CoPAP−angle was significantly higher at post measurement (16.6 ± 5.3°) compared to baseline 1 (14.1 ± 5.5°, p<0.001) and baseline 2 (14.7 ± 4.8°, p = 0.003). The Time effect on the DSM nearly reached significance [V = 0.36, F(2, 13) = 3.64, p = 0.06], whereas the XCoM-CoPML distance [F(2, 28) = 0.003, p = 0.97] and CoM-CoPML−angle [F(2, 28) = 0.38, p = 0.69] were not significantly affected by GRAIL training. Figure 7 gives an overview of the gait stability measures across time.
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FIGURE 7. Gait stability (means and standard deviations) during 6 weeks GRAIL training. A visual representation of the gait stability measures is given in Figure 4. *Asterisk indicates a post-hoc significant difference (α = 0.017).



Balance Confidence

Patients' balance confidence significantly increased after GRAIL training (76 ± 18), compared to baseline (69 ± 18) [t(13) = −4.55, p = 0.001]. The balance confidence scores before and after GRAIL training are shown in Figure 8.
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FIGURE 8. Activities specific balance confidence (ABC) score (means and standard deviations) before and after the 6-weeks GRAIL training. *Asterisk indicates a significant difference (α = 0.05).





Long-Term Effect of GRAIL Training

The follow-up measurement was performed by 11 of the 15 patients (Figure 5). Two patients did not perform the follow-up measurement due to medical complications, which were not related to the GRAIL training. Two other patients were lost to follow-up, because it was impossible to schedule their measurements. As a result of a technical error during the follow-up measurement, the data of one additional patient was missing. Therefore, the results of 10 patients were used for the analysis of the long-term effect of GRAIL training (see Table 1 for patient characteristics).

There was no significant difference in walking speed between post (median 1.13 m/s) and follow-up (median 1.30 m/s) measurement [T = 20.50, p = 0.48], nor was there a significant difference in stride length [T = 27, p = 0.96], step width [t(9) = 0.82, p = 0.43], or stride frequency [t(9) = −1.04, p = 0.33] between the post measurement and the follow-up measurement. The CoM-CoPML−angle was significantly smaller in the follow-up (10.3 ± 1.6°) compared to the post measurement (11.4 ± 2.2°), [t(9) = 2.4, p = 0.04]. The other gait stability measures (DSM, CoM-CoPAP−angle and XCoM-CoPAP and XCoM-CoPML distances) and balance confidence score were not significantly different at the follow-up measurement compared to the post measurement. An overview of the spatiotemporal gait parameters, gait stability measures and balance confidence are shown in Table 3.



Table 3. The spatiotemporal gait parameters, gait stability measures and balance confidence in the baseline 2, post and follow-up measurement (N = 10).
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Walking speed (p = 0.03), stride length (p = 0.04), and CoM-CoPAP−angle (p = 0.03) were significantly higher in the follow-up measurement compared to the baseline 2 measurement. The other outcome measures (step width, stride frequency, DSM, CoM-CoPML−angle and XCoM-CoPAP and XCoM-CoPML distances and balance confidence) were not significantly different at the follow-up measurement compared to the baseline 2 measurement (Table 3).




DISCUSSION

The aim of the present study, was to assess the effects of 6 weeks GRAIL training on gait and dynamic balance capacities in chronic iSCI patients. Walking speed was increased after GRAIL training (1.04 m/s) compared to baseline measurements (0.85 and 0.93m/s). Stride length was increased, but stride frequency and step width did not change. In addition, the stability measures in AP direction (XCoM-CoPAP and CoM-CoPAP−angle) were improved after GRAIL training, whereas stability measures in ML direction (XCoM-CoPML and CoM-CoPML−angle) or combining AP and ML directions (DSM) did not change. Patients' confidence in balance was increased after GRAIL training. At the 6 months follow-up measurement, improvements in walking speed, stride length, and the stability measure CoM-CoPAP−angle remained increased compared to baseline.

In patients with iSCI, restoration of ambulation is considered the most important rehabilitation goal (42). Typically interventions in these patients focus on improving locomotion (43). For functional ambulation in daily life, walking speed is considered one of the most important parameters (5). After GRAIL training, walking speed increased by 0.19 m/s compared to baseline 1 and by 0.11 m/s compared to baseline 2. Although previous studies in chronic iSCI patients used more gait training sessions (on average 45; range 24–58) due to a higher training frequency (on average 4 sessions/week; range 3–5), and a longer training duration (on average 12 weeks; range 8–16), these studies showed increases in walking speed ranging from 0.01 to 0.16 m/s (24, 44–48). To our knowledge, only two interventions in chronic iSCI patients resulted in an increase in walking speed in the 0.11 to 0.19 m/s range (44, 47). These interventions consisted of 48 sessions of resistance training combined with aerobic training resulting in an increase of 0.13 m/s (47) and 39 sessions of body-weight-supported treadmill training resulting in an increase of 0.16 m/s (44). Due to the higher number of training session, a larger training effect can be expected. Despite the limited number of GRAIL training sessions in the present study, patients improved their walking speed significantly. This improvement exceeded the reported minimal clinically important difference (MCID) of 0.10 m/s (49) in 10 out of 15 participants, reflecting clinical meaningful effects in these participants. Moreover, the effect on walking speed, stride length, and the stability measure CoM-CoPAP−angle were still present 6 months after the last training session. Therefore, randomized controlled trials (or studies with a randomized cross-over design) are warranted to investigate the intervention effects of GRAIL training compared to other gait training interventions in patients with iSCI.

The increase in walking speed, accompanied by an increase in stride length but with a constant stride frequency, suggests that patients learned to take larger steps because they felt more confident after GRAIL training. Indeed, the statistically significant increase in balance confidence score supports the notion that patients felt more safe after the training. However, only one participants exceeded the reported minimal detectable change (MDC) of 14.87 (50). Therefore, the effect of GRAIL training on balance confidence seems to be relatively small. Nevertheless, the significant increase in balance confidence on a group level could be due to improved gait stability. In the current study, recently developed biomechanical stability measures were used to assess gait stability. In previous studies, these stability measures appeared to be significantly different between more and less impaired stroke patients (34), above-knee amputees and healthy subjects (33), and elderly with and without balance problems (31, 32). To our knowledge, this is the first study to assess these stability measures during gait in a pre- and post-intervention design. The gait stability in AP direction was significantly increased after 6 weeks GRAIL training. Because a high correlation between walking speed and AP gait stability can be expected and because we did not perform a post measurement in which patients walked at baseline speed, it cannot be definitively concluded whether patients walked faster after GRAIL training because of improved gait stability or vice versa. In the present study, the stability measures in the ML direction did not differ between the measurements. Future research should test the clinical value of gait stability measures in different directions in patients with iSCI.

Various factors could be responsible for the improved walking speed after GRAIL training. Firstly, patients performed tasks in a complex virtual environment, in which visual and auditory feedback were provided. Patients could make corrections and enhance their motor performance according to the feedback in real time (based on knowledge of performance) as well as at the end of the application (based on knowledge of results) (12). It is well accepted that feedback improves the rate of motor learning (51). Feedback can be particularly beneficial in patients with iSCI in which internal feedback (such as from the proprioceptive system) is disturbed (52). Secondly, different training environments can be quickly alternated during GRAIL training. According to Hedel and colleagues, in well-recovered iSCI patients, such as in the current study, rehabilitation programs should train adaptive locomotion in different environments (52). Thirdly, GRAIL training can be personalized and the intensity and complexity of the applications can be gradually increased. We assume that the effects found in the current study are partly due to the personalization of the GRAIL training to the patients' individual goals. Therefore, it does not seen appropriate to standardize the GRAIL training for each patient.

Observed improvements could have been caused by a familiarization effect when walking on the GRAIL in the self-paced mode. To neutralize this effect, two baseline measurements were performed, one at the 2nd and the other at the 3rd GRAIL training sessions. Furthermore, a familiarization protocol with self-paced walking on the GRAIL, similar as in the study of Plotnik and colleagues (30), was performed before the first baseline measurement. In the study of Plotnik and colleagues, healthy participants reached their steady walking speed already after ~24 m when visual flow was presented and reached a walking speed comparable with overground walking after merely 7.5 to 17.5 m (30). In the current study, an increase of 0.08 m/s was seen between the baseline 1 and 2 measurements. This increase could be partly due to familiarization with self-paced walking on the GRAIL. Future research should investigate if familiarization with self-paced walking takes more time in patients with impaired gait stability than in healthy subjects. Important to note is that the self-paced walking was not practiced in the subsequent GRAIL training sessions. Nevertheless, patients further increased their walking speed significantly at the post-measurement compared to baseline 2 by 0.11 m/s. Moreover, at 6 months follow-up, this beneficial effect was still present, suggesting a true effect of GRAIL training.

A limitation of the current study is that the follow-up measurement was completed by only 10 patients and that we did not control co-interventions during the period after the GRAIL training. Another limitation is that we do not know how the effect of GRAIL training has affected gait and dynamic balance capacities during overground walking. Although previous studies concluded that self-paced treadmill walking induces natural gait (29) and that gait speed on a treadmill is comparable to overground walking (30), future research should investigate whether the effect of GRAIL training also extends to overground walking, walking in daily life, and to social participation in ambulatory iSCI patients.



CONCLUSION

The increased walking speed, stride length, AP gait stability, and balance confidence suggest that GRAIL training improves gait and dynamic balance capacity in patients with chronic iSCI.
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Introduction: People with stroke often have impaired stepping responses following balance perturbations, which increases their risk of falling. Computer-controlled movable platforms are promising tools for delivering perturbation-based balance training under safe and standardized circumstances.

Purpose: This proof-of-concept study aimed to identify whether a 5-week perturbation-based balance training program on a movable platform improves reactive step quality in people with chronic stroke.

Materials and Methods: Twenty people with chronic stroke received a 5-week perturbation-based balance training (10 sessions, 45 min) on a movable platform. As the primary outcome, backward, and forward reactive step quality (i.e., leg angle at stepping-foot contact) was assessed with a lean-and-release (i.e., non-trained) task at pre-intervention, immediately post-intervention, and 6 weeks after intervention (follow-up). Additionally, reactive step quality was assessed on the movable platform in multiple directions, as well as, the percentage side steps upon sideward perturbations. To ensure that changes in the primary outcome could not solely be attributed to learning effects on the task due to repeated testing, 10 randomly selected participants received an additional pre-intervention assessment, 6 weeks prior to training. Clinical assesments included the 6-item Activity-specific Balance Confidence (6-ABC) scale, Berg Balance Scale (BBS), Trunk Impairment Scale (TIS), 10-Meter Walking Test (10-MWT), and Timed Up and Go-test (TUG).

Results: After lean-and-release, we observed 4.3° and 2.8° greater leg angles at post compared to pre-intervention in the backward and forward direction, respectively. Leg angles also significantly improved in all perturbation directions on the movable platform. In addition, participants took 39% more paretic and 46% more non-paretic side steps. These effects were retained at follow-up. Post-intervention, BBS and TIS scores had improved. At follow-up, TIS and 6-ABC scores had significantly improved compared to pre-intervention. No significant changes were observed between the two pre-intervention assessments (n=10).

Conclusion: A 5-week perturbation-based balance training on a movable platform appears to improve reactive step quality in people with chronic stroke. Importantly, improvements were retained after 6 weeks. Further controlled studies in larger patient samples are needed to verify these results and to establish whether this translates to fewer falls in daily life.

Trial registration: The Netherlands National Trial Register (NTR3804). http://www.trialregister.nl/trialreg/admin/rctview.aspTC=3804

Keywords: paresis, neurological rehabilitation, postural balance, exercise therapy, physical therapy modalities


INTRODUCTION

Falls are among the most common complications after stroke (1). Post-stroke fall incidence rates vary between 1.4 and 5.0 falls each person-year (2). Falls are associated with worsening of functional outcomes post stroke (3). A vicious circle of falling, fear of falling, and inactivity can lead to further functional decline (2).

Impaired balance and gait capacities are the most important risk factors for falls after stroke (4, 5). Improving these capacities is, therefore, an important goal in rehabilitation. However, a Cochrane review on interventions for preventing falls after stroke did not show beneficial effects of exercise training aimed at improving balance and gait on fall rates (6). This is in contrast with the overwhelming evidence from the healthy elderly population, in which group- and home-based exercise programs do reduce fall rates and fall risk (7). The question arises whether the types of exercise training previously used in the stroke population are indeed suitable.

One important aspect that has yet received only limited attention in previous training programs for people with stroke is the role of reactive stepping responses while standing and walking (8–11). Following balance perturbations, fast and accurate stepping is an essential strategy to prevent falling (12, 13). People with stroke have an impaired capacity to execute such reactive stepping responses, particularly with the paretic leg (14–19). In fact, impaired stepping responses have been related to falling in people after stroke (20) and have shown to be predictive of fall risk after discharge from inpatient rehabilitation (21). Therefore, improving these reactive stepping responses following balance perturbations seems to be an important target for balance training after stroke.

Recent systematic literature reviews showed that perturbation-based balance training is effective to reduce fall risk in both healthy older adults and in people with Parkinson's disease (22, 23). In addition, a prospective cohort study showed lower fall rates for a group of participants in the subacute phase after stroke who received perturbation-based balance training during inpatient rehabilitation, when compared to a matched historical control group (11). Very recently, a first study on this type of training in the chronic phase after stroke has been published (24). In this study, the experimental group received therapist-induced balance perturbations and demonstrated improved reactive balance control when tested under the trained circumstances. Yet, no significant reduction in fall rate was observed compared to the control group. These observations call for further research on the generalizability of perturbation-based balance training to non-trained circumstances in people with chronic stroke. In addition, it may be that the effects of perturbation-based balance training can be enhanced by further increasing the intensity and unpredictability of the perturbations, thus providing a greater challenge for this group.

For delivering challenging perturbation-based balance training under safe and standardized circumstances, computer-controlled movable platforms [e.g., the Radboud Falls Simulator (RFS) (25)] are helpful. We here report the results of a proof-of-principle study to evaluate the effects of a 5-week training program on a movable platform, aimed at improving reactive step quality in multiple perturbation directions, and at enhancing side stepping upon sideward perturbations with the paretic and non-paretic leg. As a primary outcome, reactive step quality in the backward and forward directions was assessed with a lean-and-release (i.e., non-trained) task at pre-intervention, immediately post-intervention, and at 6 weeks follow-up. In addition, reactive step quality was assessed on the movable platform in multiple directions, as well as, the percentage side steps taken upon sideward perturbations. In the present study, we focused on community-dwelling people in the chronic phase after stroke, as in this phase no further neurological recovery should be expected (26). In addition, during the chronic phase, people are frequently exposed to balance perturbations in daily life. We hypothesized that our participants would show improved reactive step quality and enhanced side stepping after completion of a 5-week perturbation-based balance training program.



METHODS


Participants

From the outpatient rehabilitation population of our university hospital, a total of 20 persons in the chronic phase (>6 months) after stroke were included. Participant characteristics are given in Table 1. They had to be able to stand and walk “independently” as defined by a Functional Ambulation Categories (FAC) score of 4 or 5 (27). Exclusion criteria were (1) other neurological or musculoskeletal conditions affecting balance; (2) health conditions in which physical exercise was contra-indicated; (3) use of psychotropic drugs or other medication negatively affecting balance; (4) severe cognitive problems [Mini Mental State Examination (MMSE) <24] (28); (5) persistent unilateral spatial neglect [Behavioral Inattention Test–Star Cancellation Test <44) (29)]; and (6) behavioral problems interfering with compliance to the study protocol. The study protocol was approved by the Medical Ethical Board of the region Arnhem-Nijmegen and all participants gave written informed consent in accordance with the Declaration of Helsinki. This study was registered in the Netherlands Trial Register (NTR number 3804, http://www.trialregister.nl/trialreg/admin/rctview.aspTC=3804).



Table 1. Characteristics of study participants (n = 20).
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Design and Study Protocol

We conducted a proof-of-principle study in which the participants received a 5-week perturbation-based balance training. Forty persons were invited for an intake visit to determine eligibility (Figure 1), and (after inclusion, n = 20) to determine participants' demographic and clinical characteristics [sex, age, months since stroke, type of stroke, affected body side, history of falls, quantitative vibration threshold (QVT) (30), Motricity Index lower extremity (MI-LE) (31), and Fugl-Meyer Assessment lower extremity (FMA-LE) (32)]. In addition, at the intake visit, initial training intensity was determined on the platform for each participant in each perturbation direction (see section Intervention). Thereafter, all assessments of reactive stepping, as well as, all clinical tests (see section Outcomes) were performed by each participant at pre-intervention, post-intervention (6 weeks after pre-intervention), and follow-up (12 weeks after pre-intervention). Yet, 10 participants (50%) who were randomly selected based on block randomization with stratification for severity of paresis (Motricity Index—Leg <64% vs. Motricity Index—Leg ≥64%), received an additional pre-intervention assessment of reactive stepping 6 weeks prior to the final pre-intervention assessment (see Figure 1). By comparing the results of both pre-intervention assessments in this subgroup, we were able to account for potential effects of repeated testing on reactive stepping. In the week after the (final) pre-intervention assessment, all participants started the 5-week perturbation-based balance training. More information about the study protocol as well as the raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher upon request.
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FIGURE 1. Flow of participants. *One participant was able to complete only 3 out of 10 training sessions due to low back pain. Observations were included in all analyses according to the intention-to-treat principle. #Lost to follow-up due to hip fracture after a fall, unrelated to the intervention. ‡Lost to follow-up due to illness, unrelated to the study.





Intervention

The 5-week perturbation-based balance training program was delivered on the RFS [120 × 180 cm; Baat Medical, Enschede, The Netherlands (25)]. This movable platform can evoke reactive stepping responses by support-surface translations at magnitudes up to 4.5 m/s2 in any given horizontal direction. In designing our new training program we aimed to achieve a high intensity (i.e., number of perturbations), large variation (i.e., directions of perturbations), and high challenge (i.e., high perturbation magnitudes) of reactive stepping exercises, yet under safe circumstances. The use of this computerized technology allowed us to set these perturbation parameters in a highly standardized manner.

The selection of exercises in our program was inspired by the existing literature on reactive stepping responses in people with stroke and in healthy elderly (33–36). After a balance perturbation, people with stroke show a low step quality in all directions, with a tendency to use multiple steps (36), a slow execution of steps (36), and a preference to use the non-paretic leg (34, 35). Generally, the paretic leg shows difficulties both in executing a stepping response and in support limb control while stepping with the non-paretic side (17). For sideward perturbations, side stepping has proven to be a more efficient and effective strategy than using cross-over steps (37, 38), yet people with stroke and healthy elderly tend to prefer cross-over steps during recovery responses from sideward perturbations (18, 38). Therefore, the aim of the training program was to improve step quality after balance perturbations in eight different directions (forward, backward, both sideward, and four diagonal directions) by promoting the use of a single step, prevail side steps over cross-over steps, and enhance the speed of stepping. Reactive stepping was practiced both with the paretic and with the non-paretic leg. To achieve optimal results we used several previously reported and well known techniques like verbal feedback, blockage of the preferred leg, and stepping toward a target (39).

Participants received 45 min of training, two times a week, 5 weeks in a row, under supervision of a trained physiotherapist. During each session, participants received a total of 60–80 perturbations. During all exercises, participants were secured by a safety harness attached to a sliding rail on the ceiling. The level of difficulty was gradually increased across sessions based on a standardized protocol, yet based on an individualized initial training intensity in each perturbation direction, as determined during the intake visit. Initial training intensity was defined as the maximal intensity at which participants were able to restore their balance without taking a step, plus 0.25 m/s2. We progressed the difficulty of the training program by: (1) increasing the intensity of the perturbation; (2) increasing the unpredictability of the start and the direction of the perturbations across sessions; and (3) by adding dual tasks starting from training session 6 (see Tables 2, 3 for details on the content of the training program).



Table 2. Content of the perturbation-based balance training program.
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Table 3. Training intensities per session (m/s2) [Values are presented in means (SD)].
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The 10 participants who performed two pre-intervention assessments were allowed to continue usual care during the 6 weeks in between these assessments, including any kind of physical therapy (if applicable). All participants were asked to refrain from additional balance exercises at home during the training period, but were free to receive (or continue) usual care during the follow-up.



Reactive Stepping Assessment

During pre, post, and follow-up assessments, reactive stepping was recorded following two types of balance perturbations: lean-and-release perturbations (backward and forward directions) and platform perturbations (backward, forward, sideward paretic, sideward non-paretic directions). During all recordings, participants wore their own shoes and stood at a fixed foot position with a distance of 4.5 cm between the medial sides of both feet. They wore a safety harness (attached to a sliding rail on the ceiling) to prevent them from falling, but which did not provide body (weight) support.

The lean-and-release task is a frequently used experimental paradigm for studying reactive stepping responses (21, 35, 40). Importantly, this type of perturbation was not trained and was, therefore, selected as the primary outcome. Using different types of perturbation for training and assessment is in line with a previous study on perturbation-based balance training (33). Participants were instructed to lean into the tether at an inclincation angle of 10° and, upon its unexpected release, to recover their balance by taking a single step. They were free to select which leg they used for stepping. After several practice trials, 10 outcome trials were recorded, five trials in the backward and five trials in the forward direction.

During the platform perturbation trials, participants received unpredictable and sudden horizontal translations in the forward, backward, sideward paretic, and sideward non-paretic directions. They were instructed to recover their balance with a single step. Perturbations consisted of an acceleration (300 ms), constant velocity (500 ms), and deceleration phase (300 ms). During the first assessment, the perturbation intensity was gradually increased with increments of 0.25 m/s2 until the participants reached the maximum intensity at which they were able to recover their balance with one step (multiple stepping threshold, maximal 4.5 m/s2). During the subsequent assessments, we used a fixed protocol with random perturbations in each direction, until the individual multiple stepping threshold (as determined during the first assessment) was reached. During all assessments, we ultimately recorded six outcome trials, three trials at the multiple stepping threshold and another three trials at one level (+0.125 m/s2) above this intensity.

In addition to these formal assessments, we also monitored progress of participants' reactive step quality on the platform across training sessions (sessions 1, 4, 7, and 10). Due to time limitations or technical problems, we managed to do this in full for 14 of the 20 participants. These participants received additional platform perturbations after the training session, alternating in the forward and backward directions, at the maximum of their capacity (i.e., 0.125 m/s2 above their individual multiple stepping threshold).

Reactive stepping responses were recorded at 100 Hz using an 8-camera 3D motion capture system (Vicon Motion Systems, Oxford, UK). Reflective markers were placed on anatomical landmarks according to the Vicon Plug-in-Gait model (41). An additional reflective marker was placed on the translating platform to correct marker positions for platform movement. Marker trajectory data were filtered with a second order, 5 Hz low-pass, zero-lag Butterworth filter.

From these data, we assessed the quality of the reactive step. This step quality is typically determined by how far the stepping foot is placed away from the centre of mass (CoM) into the direction of the induced loss of balance (15, 42–45). We expressed this foot-to-CoM relationship as the leg angle at first stepping-foot contact (Figure 2). In previous studies, the leg angle at stepping foot contact accurately distinguished between falls and successful recovery in healthy young subjects (43) and between single and multiple reactive steps in older women (42) and stroke survivors (19). The leg angle was defined as the angle between the vertical and the line connecting the mid-pelvis to the second metatarsal (backward and forward perturbations) or to the lateral malleolus (sideward perturbations) of the stepping foot. Larger positive leg angles correspond to better step quality.
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FIGURE 2. Definition of the leg angle. Reactive step quality was expressed as the leg angle (α) at stepping-foot contact. This figure shows the leg angle for a backward step.





Outcomes

The primary outcome was reactive step quality (i.e., leg angle at first stepping-foot contact) following lean-and-release perturbations in the backward and forward directions. The reactive step quality in four directions and the proportion of side steps upon sideward perturbations on the platform were used as secondary outcome measures. In addition, several clinical tests were performed, namely: (1) the 6-item short version of the Activity-specific Balance Confidence scale (6-ABC; range: 0–100%) to assess the balance confidence for performing daily-life activities (46); (2) the Berg Balance Scale (BBS; range: 0–56) to test balance performance during activities of varying difficulty (47); (3) the Trunk Impairment Scale (TIS; range: 0–23) to evaluate static and dynamic sitting balance and coordination of trunk movement (48); (4) the 10-Meter Walking Test at comfortable walking speed (10-MWT); and (5) the Timed Up and Go test (TUG) to quantify functional mobility (49). To determine the ability of participants to recover balance according to the instructions (i.e., with a single step), we also calculated the success rate for the lean-and-release and platform perturbations.



Statistical Analysis

We first verified by means of Generalized Estimated Equations modeling (GEE, autoregressive correlation structure) that potentially confounding variables [i.e., initial inclination angles for lean-and-release perturbations, the stepping leg (paretic/non-paretic), the maximal percentage of body weight supported by the harness system, and the angle of the trunk with the vertical at first stepping-foot contact] were not different between pre-intervention, post-intervention, and follow-up for the primary outcome assessments. As these analyses yielded no significant effects of time, we did not include these variables in further analyses.

To study changes in the primary and secondary outcomes (i.e., leg angles, percentages side steps, clinical scales) following training, we conducted a GEE analysis with time (pre-intervention, post-intervention, and follow-up) as within-subject factor. Furthermore, for the subgroup of participants who received two pre-intervention assessments, we determined the effects of repeated testing on reactive stepping by means of paired t-tests. Statistical analyses were performed with SPSS (version 22.0). P < 0.05 was considered statistically significant.




RESULTS

The inclusion flow diagram (Figure 1) shows the numbers (and reasons) of participants who were lost to follow-up, as well as, any missing observations at the assessments. No intervention-related adverse events were reported. Table 4 shows a detailed overview of all outcome measures at pre-intervention, post-intervention, and follow-up (n = 20), together with the reactive stepping data for the two pre-intervention assessments (n = 10). Participants were not always able to regain balance with a single step. Table 5 shows the percentage of successful lean-and-release and platform perturbation trials at pre-intervention, post-intervention, and follow-up.



Table 4. Primary and secondary outcome measures.
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Table 5. Percentage (SD) of trials recovered with a single step.
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Lean-and-Release Perturbations

Backward and forward leg angles at post-intervention were significantly larger compared to pre-intervention (backward: Δpre−post = 4.3 ± 1.3°, p = 0.001; forward: Δpre−post = 2.8 ± 0.7°, p < 0.001; Figure 3 and Table 4). These larger leg angles were retained six weeks after training at follow-up (backward: Δpre−fu = 3.8 ± 1.2°, p = 0.001; forward: Δpre−fu = 2.7 ± 0.6°, p < 0.001). For both directions, leg angles were not different between the two pre-intervention assessments.
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FIGURE 3. Lean-and-release perturbations. Step quality (i.e., leg angle) for lean-and-release perturbations in the backward (A) and forward (B) directions. *p < 0.01.





Platform Perturbations

For backward and forward platform perturbations, leg angles at post-intervention were significantly larger compared to pre-intervention (backward: Δpre−post = 4.1 ± 1.2°, p = 0.001; forward: Δpre−post = 2.5 ± 0.8°, p = 0.001; Table 4). This difference in leg angle was retained at follow-up (backward: Δpre−fu = 4.5 ± 1.2°, p < 0.001; forward: Δpre−fu = 2.2 ± 0.6°, p < 0.001). For sideward perturbations, the percentage of paretic and non-paretic side steps increased from pre- to post-intervention (paretic: Δpre−post = 39 ± 12%, p = 0.001, Figure 4A; non-paretic: Δpre−post = 46 ± 9%, p < 0.001, Figure 4B). This effect was also retained at follow-up (paretic: Δpre−fu = 38 ± 11%, p = 0.001; non-paretic: Δpre−fu = 43 ± 9%, p < 0.001). Furthermore, the number of participants who took at least one side step had increased after training. Before the start of the intervention, six and ten participants took one or more side steps with the paretic and non-paretic leg, respectively, which numbers increased to 12 and 17 at the post-intervention assessment. For side steps toward the paretic side, leg angles increased from pre- to post-intervention (Δpre−post = 2.3 ± 0.8°, p = 0.004), which effect was retained at follow-up (Δpre−fu = 1.9 ± 0.7°, p = 0.006). For side steps toward the non-paretic side, leg angles at post-intervention were not significantly larger compared to pre-intervention, although a trend toward larger leg angles was visible (Δpre−post = 1.2 ± 0.7°, p = 0.075). Six weeks after training, at follow-up, non-paretic leg angles were significantly larger compared to pre-intervention (Δpre−fu = 2.1 ± 0.6°, p = 0.001).
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FIGURE 4. Sideward platform perturbations. Percentage of side steps for platform perturbations in the sideward paretic (A) and sideward non-paretic (B) directions. *p < 0.01.





Clinical Tests

Participants had a slightly higher BBS score at post compared to pre-intervention (Δpre−post = 0.9 ± 0.4, p = 0.021), however, this effect was not retained at follow-up (Δpre−fu = 0.4 ± 0.6, p = 0.493). Yet, TIS scores at post-intervention and at follow-up were significantly higher compared to pre-intervention (Δpre−post = 1.8 ± 0.5, p < 0.001; Δpre−fu = 0.7 ± 0.3, p = 0.022). The difference in 6-ABC scores between pre- and post-intervention did not reach statistical significance (Δpre−post = 3.7 ± 3.1, p = 0.240), however, at follow-up, participants rated their balance confidence significantly higher compared to pre-intervention (Δpre−fu = 7.9 ± 2.9, p = 0.007). For comfortable walking speed and TUG no significant differences were found between pre-intervention, post-intervention, or follow-up.



Progress of Step Quality

During the intervention period, backward leg angles increased from training session 1–7 (Δs1−s7 = 3.4 ± 4.8°, p = 0.041), but did not further increase at subsequent sessions. The forward leg angle increased from session 1–4 (Δs1−s4 = 1.8 ± 2.6°, p = 0.033), but did not further increase at subsequent sessions (Figure 5).
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FIGURE 5. Course of leg angle improvement across training sessions. Course of improvement in step quality (i.e., leg angle) across training sessions 1, 4, 7, and 10 for backward (A) and forward (B) platform perturbations. For practical reasons, we placed the reflective markers during the training sessions on the feet and L4 vertebra, instead of on the feet and both spina iliaca as was done during the formal assessments. Therefore, leg angles from the training sessions and assessments are not directly comparable. *p < 0.05.






DISCUSSION

This proof-of-principle study investigated whether a 5-week perturbation-based multidirectional balance training program was able to improve reactive stepping in 20 persons in the chronic phase after stroke. In accordance with our hypotheses, we found that after completion of the training program reactive step quality had improved in the backward, forward, and both sideward directions. In addition, both paretic and non-paretic side steps were more frequently used for recovering balance upon sideward perturbations. Both types of effect were retained at follow-up. Several clinical scales showed significant immediate (BBS, TIS) and/or delayed (TIS, 6-ABC) training effects as well, albeit relatively small sized compared to the assessments of reactive stepping.

The hypothesis that our perturbation-based balance training would improve step quality in people with chronic stroke was corroborated by an increase in leg angle at first stepping-foot contact following lean-and-release perturbations of 4.3 (backward) and 2.8 degrees (forward) between pre- and post-intervention. This parameter has previously been shown to be a valid indicator of reactive step quality, as it accurately distinguished between successful (no fall) and unsuccessful (fall) recovery following large balance perturbations (43) and between single and multiple stepping in elderly individuals and people with stroke (19, 42). At post-intervention, the leg angles during the platform perturbations showed similar improvements as those observed during lean-and-release perturbations (4.1 and 2.5 degrees in the backward and forward directions, respectively). As the lean-and-release perturbations were not included in the training program, we conclude that generalization of the training effects to non-trained tasks has occurred, which implies “real” training effects. Importantly, these improvements were retained for both types of perturbations after a period of 6 weeks during which no further practice of reactive stepping took place. Although these results are promising, it remains unknown for how long the observed improvements in reactive stepping are retained after this follow-up period of 6 weeks.

The notion that perturbation-based balance training can improve reactive stepping is in accordance with a previous study in community-dwelling older adults (33). After 6 weeks (18 sessions of 30 min) of perturbation training, these elderly persons more frequently used single stepping responses and had less foot collisions during sideward perturbations. Since foot collisions mostly occur during cross-over steps, the reduction in collisions is in line with our observation of more side steps being taken after the training. Only one case study in a sub-acute stroke patient (9) has previously been published on training-induced improvements in reactive step quality. This study demonstrated increased effectiveness of reactive stepping responses and increased use of the paretic leg for stepping after targeted perturbation training. As the training was provided in the sub-acute phase, it remained unknown whether improved reactive stepping was caused by spontaneous neurological recovery, by training-induced functional recovery, or by a combination of both. Although, generally, neurological (motor) recovery cannot be expected beyond 3 months after stroke (50), functional recovery can still be reached in the chronic phase (51). In this study, we indeed found that targeted balance training resulted in (further) functional recovery in a relatively high functioning group of chronic stroke patients. During training, participants were “forced” to step with both the paretic and non-paretic leg in response to challenging perturbations. This type of training may unmask latent motor capacity, especially of the proximal leg and trunk muscles, that may have decayed as a result of stroke. This process may be based on the same mechanisms that underlie the effects of constrained induced movement therapy of the upper limb, but the exact neurophysiological mechanisms are a relevant topic for further research. As there are no established methods for measuring reactive step quality in people with stroke, the clinical relevance of the presently observed improvements remains to be identified. Nevertheless, in young adults an increase in leg angle of just 1 degree resulted in a three-fold greater odds of successfully recovering from a large backward perturbation (43). Hence, we conclude that the presently observed improvements in step quality are substantial, and most likely clinically relevant.

Although our training period of 5 weeks appears sufficiently long to achieve gains in reactive stepping, we raise the question whether there might have been further room for improvement. In the first training session, we conservatively chose a perturbation intensity only slightly above the individual stepping thresholds. Perturbation intensity was gradually increased each week according to a pre-defined protocol. Yet, it turned out that in the anteroposterior directions, the average perturbation intensities in the final training sessions were still below the participants' multiple stepping thresholds, as measured during the first balance assessment (see Table 3). In addition, we monitored progress in forward and backward step quality (across sessions 1, 4, 7, and 10) and observed a plateau from session 4 onwards for forward and from session 7 onwards for backward step quality (see Figure 5). These observations indicate that we have been rather conservative in progressing the level of difficulty across training sessions. Hence, for future application of the training protocol, we suggest to further challenge the participants by including greater increments in perturbation intensities.

The improvements that we observed in reactive stepping were accompanied by a perceived increase in balance confidence (as shown by the higher scores on the 6-ABC at follow-up). Yet, we found only minor and transient gains on the BBS as a clinical balance test, which were not considered clinically relevant. In the remaining clinical outcomes, we found no significant changes, except for a modest improvement in TIS scores at post-intervention and follow-up. These observations are in line with a recent study on perturbation-based balance training in people in the sub-acute phase after stroke, which resulted in a reduction in fall risk and fall rates compared to a historical cohort, yet without between-group differences on clinical test outcomes (11). One reason for this apparent discrepancy may be that the clinical tests included in our study do not capture (improvements in) reactive stepping, being the primary aim of our perturbation-based training program. Indeed, Innes et al. (52) found a wide range in BBS scores across stroke participants, which did not correspond to their level of reactive stepping capacity. Another explanation may be that our participants already had near-maximum BBS scores (median: 54, range: 42–56) at pre-intervention, leaving little room for further improvement. Yet, they did have impairments in reactive stepping, as their multiple stepping thresholds (i.e., the maximum perturbation intensity that could be sustained with a single step) were substantially lower than in healthy peers. For example, backward multiple stepping thresholds in our participants were 2.2 vs. 3.5 m/s2 in healthy peers (18). Hence, it seems that for our group of community ambulators after stroke (comfortable walking speed >0.8 m/s in 16 of the 19 participants), the ceiling effect in BBS scores results in an underestimation of their balance impairments. Therefore, in future studies on perturbation-based training, we recommend to consider alternative clinical balance tests that do include an assessment of reactive balance control. The mini-BEST, for instance, includes reactive stepping tests and also has a smaller ceiling effect than the BBS (53), which may further add to its suitability for community ambulators.

In this study, the use of the RFS had the advantage of delivering a training program that was standardized, safe, challenging and of high intensity. Yet, it should be mentioned that this type of technology is not yet widely available and future developments should be targeted at designing cheaper and more easy-to-use training devices for perturbation-based balance training. Another limitation of our study is that the leg angle at first stepping-foot contact did not provide insight into which part of the stepping response specifically responded to the perturbation-based balance training. Such insight could further enhance our understanding of functional balance recovery after stroke and, thereby, help optimize rehabilitation strategies for this patient group. Although the fact that we did not include a control group is an obvious limitation, a subgroup of 10 participants showed no differences in reactive stepping between the first and final pre-intervention assessments (before the start of the training). This result supports the notion that the observed improvements in reactive stepping after training are attributable to the perturbation-based balance training. Another limitation is the predictability of perturbation direction during the lean-and-release task. In the backward and forward platform perturbations, however, we found similar improvements in leg angles after training compared to the lean-and-release task. As perturbation direction during the platform perturbations was randomized across four different directions (backward, forward, sideward paretic, and sideward non-paretic), it appears that improvements in reactive stepping are not solely attributable to anticipation of participants.

Although we found improvements in reactive step quality after perturbation-based balance training, we did not evaluate whether our training program also contributed to fewer falls in daily life. Previous research showed, however, that impaired quality of reactive steps is related to increased fall rates during inpatient stroke rehabilitation (20), and that perturbation-based training in the sub-acute phase can reduce fall risk (11). These findings suggest that perturbation-based balance training may be an effective intervention for reducing fall rates, not only in the sub-acute phase but also in the chronic phase after stroke (10). Our chronic stroke participants were able to apply the learned stepping responses in non-trained circumstances and, importantly, retained their improvements in reactive stepping over a 6-week period without further practice. Therefore, perturbation-based balance training appears promising for improving the ability to recover from balance perturbations outside the laboratory or clinical setting (for example while experiencing trips or slips in daily life). Yet, further controlled studies in larger patient samples are needed to verify our results and to establish whether an improved step quality indeed translates to fewer falls in daily life.
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The cingulum, a major structure in the limbic system, contains the medial cholinergic pathway, which originates from the basalis nucleus of Meynert (Ch 4) in the basal forebrain. The cingulum is involved in various cognitive functions, including memory, attention, learning, motivation, emotion, and pain perception. In this mini-review, 10 studies reporting on recovery mechanisms of injured cinguli in patients with brain injury were reviewed. The recovery mechanisms of the injured anterior cinguli reported in those 10 studies are classified as follows: Mechanism 1, recovery via the normal pathway of the cingulum between the injured cingulum and Ch 4; mechanism 2, recovery through the neural tract between the injured cingulum and the brainstem cholinergic nuclei; mechanism 3, recovery via the lateral cholinergic pathway between the injured cingulum and the white matter of the temporo-occipital lobes; mechanism 4, recovery through the neural tract between the contralesional basal forebrain and the ipsilesional basal forebrain via the genu of the corpus callosum; and mechanism 5, recovery through the neural tract between the injured cingulum and Ch 4 via an aberrant pathway. Elucidation of the recovery mechanisms of injured anterior cinguli might be useful for neurorehabilitation of patients with anterior cingulum injuries. Diffusion tensor tractography appears to be useful in the detection of recovery mechanisms of injured anterior cinguli in patients with brain injury. However, studies on cingulum injury recovery mechanisms are still in the early stages because most of the above studies are case reports confined to a few brain pathologies. Therefore, further studies involving large numbers of subjects with various brain pathologies should be encouraged. In addition, studies on the influencing factors and clinical outcomes associated with each recovery mechanism are warranted.
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INTRODUCTION

There are several cholinergic nuclei in the human brain (1–4). Four cholinergic nuclei are located in the basal forebrain and septal region (the medial septal nucleus [Ch 1], the vertical nucleus of the diagonal band [Ch 2], the horizontal limb of the diagonal band [Ch 3], and the nucleus basalis of Meynert [Ch 4]), three in the brainstem (the pedunculopontine nucleus [Ch 5], the laterodorsal tegmental nucleus [Ch 6], and the parabigeminal nucleus [Ch 8]), and one in the thalamus (the medial habenular nucleus [Ch 7]) (2, 3). Ch 4 provides the major cholinergic projections to the cerebral cortex and hippocampus, and the pontine cholinergic system acts mainly through thalamic intralaminar nuclei and provides only minor innervation of the cortex (5, 6). In addition, cholinergic neurons (Ch 1 and Ch 2) in the medial septum innervate mostly the hippocampus, while those of the vertical diagonal band (Ch 3) project to the anterior cingulate cortex (5, 6). As a result, the brain cholinergic system has roles in cortical activity, the sleep-wake cycle, modulating cognitive function, and cortical plasticity, and pathology of the brain cholinergic system can lead to cognitive impairment, age-related cognitive decline, and Alzheimer's disease (4, 7–9). Thus, the cholinergic system of the human brain is important in cognition, especially memory (10).

The cholinergic system of the cerebral cortex is innervated by the medial and lateral cholinergic pathways which mainly originate from Ch 4 (1). After originating from Ch 4, the medial cholinergic pathway joins the white matter of the gyrus rectus and then curves around the rostrum of the corpus callosum to enter the cingulum (1). It supplies cholinergic innervation to the parolfactory, cingulate, paracingulate, and retrosplenial cortices. The lateral cholinergic pathway innervates the remaining portion of the fronto-parieto-temporal cortex (1). As a result, the cingulum is involved in various cognitive functions, especially memory, and an injury of the cingulum could interfere with the corticopetal flow of cholinergic pathways to the above cortical areas (1, 11, 12).

Elucidation of recovery mechanisms following brain injury is important in neurorehabilitation because such information provides a scientific basis for developing neurorehabilitation strategies and predicting prognosis. The recovery mechanisms of the injured brain are based on the following classical concepts for brain plasticity: (1) unmasking of reserve axons and synapses for particular functions following injury of the ordinarily dominant system, and (2) collateral sprouting from an intact neuron to a denervated region (13–15). Recently, the recovery mechanisms of an injured neural tract have been elucidated in more detail; for example, the recovery mechanisms of the corticospinal tract, which have been actively researched, include recoveries through restoration of a normal pathway, perilesional reorganization, and recovery via a collateral pathway or transcallosal or transpontine pathways (16–19). However, relatively little has been reported about the recovery mechanisms of other neural tracts.

Research on the recovery mechanisms of injured cinguli has been limited because identification of the cingulum by using conventional brain magnetic resonance imaging has been impossible because it cannot discern the cingulum from other adjacent structures (20). However, the recently introduced diffusion tensor tractography (DTT) method, which is a derivation of diffusion tensor imaging (DTI), has enabled three-dimensional reconstruction and estimation of the cingulum (21). Several studies have used DTT to describe the recovery mechanisms of injured anterior cinguli in patients with brain injury (20, 22–30).

In this mini-review, DTT studies reporting on injured cingulum recovery mechanisms in patients with brain injury are reviewed. Relevant studies in the period 1990 to 2018 were identified by searching within the PubMed, Google Scholar, and MEDLINE electronic databases. The following keywords/abbreviations were used: DTI, DTT, cingulum, anterior cingulum, memory, traumatic brain injury (TBI), stroke, intracerebral hemorrhage (ICH), cerebral infarct, hypoxic-ischemic brain injury (HI-BI), brain tumor, brain injury, brain plasticity, and recovery mechanism. This review was limited to studies of humans with brain injury. We selected the relevant studies according to the flow diagram presented in Figure 1. As a result, ten studies were selected and reviewed (20, 22–30).
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FIGURE 1. Flow diagram of the approach used to select the studies to be reviewed.





RECOVERY MECHANISMS OF AN INJURED ANTERIOR CINGULUM

The recovery mechanisms of the injured anterior cinguli reported in the ten reviewed studies are classified as follows: Mechanism 1, recovery via the normal pathway of the cingulum between an injured cingulum and Ch 4; mechanism 2, recovery through the neural tract between the injured cingulum and the brainstem cholinergic nuclei; mechanism 3, recovery through the lateral cholinergic pathway between the injured cingulum and the white matter of the temporo-occipital lobes; mechanism 4, recovery through the neural tract between the contralesional basal forebrain and the ipsilesional basal forebrain via the genu of the corpus callosum; and mechanism 5, recovery through the neural tract between the injured cingulum and Ch 4 via an aberrant pathway (Figure 2, Table 1) (20, 22–30).
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FIGURE 2. Previously reported recovery mechanisms associated with injured anterior cinguli. Mechanism 1: recovery via the normal pathway of the cingulum between an injured cingulum and the basalis nucleus of Meynert (Ch 4). Mechanism 2: recovery through a neural tract between an injured cingulum and brainstem cholinergic nuclei. Mechanism 3: recovery through a lateral cholinergic pathway between an injured cingulum and the white matter of the temporo-occipital lobes. Mechanism 4: recovery through a neural tract between the contralesional basal forebrain and the ipsilesional basal forebrain via the genu of the corpus callosum. Mechanism 5: recovery through a neural tract between an injured cingulum and Ch 4 via an aberrant pathway.





Table 1. Previous diffusion tensor imaging studies on the recovery mechanisms of injured cinguli.
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Mechanism 1: Recovery via the Normal Pathway of the Cingulum

In 2013, Jang and Seo reported on neural recovery of an injured cingulum in a patient who had HI-BI and a subarachnoid hemorrhage (SAH) that was observed on follow-up DTT (20). The patient showed severe cognitive impairment; therefore, the authors were unable to perform an evaluation using the Mini-Mental State Examination (MMSE: full score = 30) or other cognitive function tests (31). At 14 months after onset, the patient's cognition had improved and she scored 24 on the MMSE. Other cognitive function test results were as follows: Total intelligence quotient (IQ) on the Wechsler adult intelligence scale (WAIS: 81); Memory assessment scale (MAS) scores: short-term memory, 88 (21%ile); verbal memory, 62 (1%ile); visual memory, 68 (2%ile); and global memory, 56 (< 1%ile) (32, 33). On DTT at 7 days after brain injury, discontinuations of both cinguli anterior to the genu of the corpus callosum were observed. However, on 14-month follow-up DTT, the right cingulum was observed to have elongated to the right basal forebrain through the normal cingulum pathway. The authors suggested that the recovery of memory impairment in this patient was attributed to the elongation of the right injured cingulum via the normal pathway of the cingulum (20).

In 2016, Jang and Kwon reported on changes to the anterior cingulum in a patient who underwent craniectomy and removal of meningioma and had concurrent ICH (27). The patient showed mild cognitive impairment (MMSE score = 22) (31). By contrast, at 4 years after onset, his cognitive impairment had improved to an MMSE score of 28. The 4-month DTT of the patient showed discontinuations in both anterior cinguli. On 4-year follow-up DTT, the left anterior cingulum was shown to have elongated to the basal forebrain through the normal pathway of the anterior cingulum. As a result, the authors concluded that their observations appeared to indicate recovery of the left injured cingulum, and the reduction in the patient's cognitive impairment was ascribed to the recovery of the left injured cingulum (27).

In 2018, Jang et al. reported on a patient with mild TBI who, on follow-up DTT, showed recovery of an injured cingulum concurrent with improvement of short-term memory (29). The patient showed mild memory impairment at 3 months after onset: MAS scores: global memory, 95 (37%ile); short-term memory, 75 (5%ile); verbal memory, 80 (9%ile); and visual memory, 112 (79%ile) (33). By contrast, 2 years after onset, his mild memory impairment had reduced and his memory scores indicated a normal state: MAS scores: global memory, 104 (61%ile); short-term memory, 95 (37%ile); verbal memory, 101 (53%ile); and visual memory, 106 (66%ile) (33). On 3-month DTT, discontinuation of the right anterior cingulum over the genu of the corpus callosum was observed; however, on 2-year DTT, the discontinued right anterior cingulum was observed to have elongated to the right basal forebrain. As a result, the authors concluded that elongation to the right basal forebrain of the discontinued anterior cingulum appeared to be the recovery mechanism associated with the injured cingulum following a mild TBI (29).



Mechanism 2: Recovery Through the Neural Tract Between an Injured Cingulum and the Brainstem Cholinergic Nuclei

In 2012, Yeo et al. presented a case report on a patient who had experienced a traffic accident and underwent conservative management for SAH in the right frontal and left Sylvian fissure (22). The patient revealed severe cognitive impairment (MMSE score = 15) (31). In contrast, at a 6-month post-onset cognitive evaluation, there was a reduction in cognitive impairment (MMSE score = 24 and WAIS score = 83) (31, 32). Moreover, on 6-month DTT of the patient, they observed discontinuations of both cinguli above the genu of the corpus callosum; in contrast, the left cingulum was observed to be connected to the left Ch 5 in the brainstem via a neural tract that passed through the anterior corona radiata and the thalamus. As a result, the authors assumed that the cognitive improvement in this patient was related to the recovery of the neural connection between the injured cingulum and Ch 5 in the brainstem (22).

In 2014, Seo and Jang reported on a patient who showed unusual neural connections between the anterior portions of injured cinguli and the brainstem cholinergic nuclei following SAH (23). The patient showed memory impairment at 5 weeks after onset but his memory function showed improvement to within the normal range at 7 months after onset: His total IQ on WAIS increased from 104 to 125; moreover, there were widespread improvements in MAS scores: global memory, from 79 (8%ile) to 104 (61%ile); short-term memory, from 111 (77%ile) to 114 (83%ile); verbal memory, from 94 (35%ile) to 111 (77%ile); and visual memory, from 71 (3%ile) to 97 (42%ile) (32, 33). On both 1- and 7-month DTT of the patient, discontinuations of both cinguli above the genu of the corpus callosum were observed. On the 1-month DTT, both cinguli were connected to their respective bilateral Ch 5 via neural tracts that passed through the thalamus; in contrast, on the 7-month DTT, the left neural tract was not visible, and the right neural tract was connected to the right Ch 6. The authors suggested that this unusual neural connection between the anterior portions of injured cinguli and the brainstem cholinergic nuclei was the recovery mechanism associated with cholinergic innervation of the injured cinguli (23).

During the same year (2014), Yoo et al. investigated the relationship between cognition and the neural connections from injured cinguli to brainstem cholinergic nuclei in patients with TBI (24). Twenty chronic TBI patients who showed discontinuation between both anterior cinguli and the basal forebrain on DTT were recruited for the study. Eight patients who had neural connections between their injured cinguli and various brainstem cholinergic nuclei (Ch 5, Ch 6, and Ch 8) had better MAS short-term memory scores than 12 patients who did not have such connections. The authors concluded that the observed neural connections between the injured cinguli and the brainstem cholinergic nuclei appeared to be a recovery mechanism of injured cinguli (24).



Mechanism 3: Recovery Through the Lateral Cholinergic Pathway Between an Injured Cingulum and the White Matter of the Temporo-Occipital Lobes

In 2016, Jang et al. reported on a patient with TBI who showed recovery of an injured cingulum that progressed via the lateral cholinergic pathway (26). At 4 weeks after TBI onset, the patient exhibited mild cognitive impairment; however, cognition had improved at the 9-month evaluation (MMSE from 21 to 29; total IQ from 85 to 96; verbal IQ from 86 to 96; performance IQ from 84 to 97; verbal immediate recall from 26.76 to 56.75%ile; visual immediate recall from 29.81 to 89.49%ile; verbal delayed recall from 24.51 to 78.23%ile; visual delayed recall from 11.70 to 89.07%ile; verbal recognition from 43.25 to 85.31%ile; and visual recognition from 0.94 to 93.06%ile) (31–33). On 4-week DTT, discontinuations in both cinguli were observed superior to the genu of the corpus callosum. However, on 9-month DTT, the discontinued anterior part of the right cingulum was observed to have elongated inferoposteriorly via an unusual neural tract that passed through the external capsule and the white matter of the temporo-occipital lobes. The authors concluded that recovery of an injured cingulum via a lateral cholinergic pathway is a recovery mechanism of an injured cingulum (26).



Mechanism 4: Recovery Through a Neural Tract Between the Contralesional Basal Forebrain and the Ipsilesional Basal Forebrain via the Genu of the Corpus Callosum

In 2015, Jang et al. reported on changes in DTT results for the cingulum that coincided with changes in cognitive impairment in a patient with TBI (25). Upon evaluation of cognitive function performed 2 weeks after onset, the patient revealed severe cognitive impairment; however, cognition was improved at the 6-month evaluation. Improvements include total IQ from 65 to 82; MAS global memory from 61 (1%ile) to 102 (55%ile); and MAS immediate memory from 83 (13%ile) to 107 (68%ile) (32, 33). On DTT 2 weeks after onset, the authors observed discontinuations in both cinguli anterior to the genu of the corpus callosum. However, on a 6-month follow-up DTT, the left cingulum had elongated to the left basal forebrain and the right cingulum was connected to left basal forebrain by a new tract that passed anterior to the genu of the corpus callosum. That new tract was not observed on the DTT results obtained at 2 weeks after onset (25).

Recently, Jang et al. reported on a patient who had developed new neural tracts between the injured anterior cinguli and the basal forebrain following ICH, intraventricular hemorrhage, and SAH after the rupture of an aneurysm in the left middle cerebral artery (30). When beginning rehabilitation at 3 weeks after onset, the patient showed severe cognitive impairment (MMSE: uncheckable) (31). At that time, DTT revealed the discontinued right anterior cingulum was connected to the left basal forebrain via the genu of the corpus callosum. In addition, the discontinued left anterior cingulum was shown to be connected via an unusual neural tract from the right anterior cingulum to the left basal forebrain. The authors suggested that development of this unusual neural tract between the basal forebrain and the injured cinguli via the genu of the corpus callosum, after interruption of cholinergic innervation from the basal forebrain by complete injury of the anterior cingulum, might have been the result of reorganization of cholinergic innervations following the stroke (30).



Mechanism 5: Recovery Through a Neural Tract Between an Injured Cingulum and the Basalis Nucleus of Meynert via an Aberrant Pathway

In 2016, Jang et al. reported on a patient who, following TBI, appeared to show recovery of an injured anterior cingulum via an aberrant neural tract between an injured cingulum and Ch 4 (28). The patient showed improvement of cognitive function on the MMSE with scores of 10 at 2 months, 13 at 6 months, and 26 at 10 months after onset (31). Total IQ was 90 on the WAIS at 10 months after onset (32). DTT at 6 weeks after onset showed discontinuation superior to the genu of the corpus callosum in both cinguli. However, on a 6-month DTT, the discontinued anterior part of the right cingulum was shown to have elongated anteriorly through the anterolateral subcortical white matter of the cingulum. On 10-month DTT, this elongated neural tract of the right cingulum was connected to the right Ch 4 in the basal forebrain. The authors concluded that the aberrant neural tract between the injured anterior cingulum and Ch 4 appeared to be a recovery mechanism of an injured cingulum (28).




CONCLUSIONS

In this mini-review article, 10 studies (six TBI studies; three stroke studies; and one HI-BI study) reporting recovery mechanisms of injured cinguli in patients with brain injuries were reviewed (20, 22–30). The frequencies of occurrence of the five different recovery mechanisms of injured cinguli are: Mechanism 1, 3 papers; mechanism 2, 3 papers; mechanism 4, 2 papers; mechanism 3, 1 paper; and mechanism 5, 1 paper. Based on the presence of multiple reports describing mechanisms 1 and 2, recovery mechanisms through the normal pathway of the anterior cingulum and the neural tract between an injured cingulum and the brainstem cholinergic nuclei appeared to be reliable. However, the other recovery mechanisms are less assured because of the shortage of published reports on those mechanisms.

Based on the observations in the reviewed papers, it appears that injured cingulum recovery mechanisms are based on reorganization of the cholinergic innervation between the injured cingulum and the cholinergic nuclei as a means to obtain cholinergic innervation after the loss of cholinergic innervation between the basal forebrain and the anterior cingulum (1, 34–36). Studies of injured anterior cinguli that describe recovery mechanisms might be useful in the neurorehabilitation of patients with anterior cingulum injury; for example, neuromodulation such as that provided by repetitive transcranial magnetic stimulation or transcranial direct current stimulation, which have been popularly applied in neurorehabilitation in recent years, can be applied to facilitate or induce a possible recovery mechanism of injured cinguli in patients with brain injuries (37–40). In addition, the information provided in those papers suggests that DTT appears to be useful in the detection of the particular recovery mechanism associated with injured anterior cinguli in a patient with brain injury. However, studies on this topic are uncommon, and research into such recovery mechanisms is still in the early, descriptive stage because most of the reviewed studies were case reports and were confined to a few brain pathologies including TBI, stroke, and HI-BI. Therefore, further studies involving large numbers of subjects and a wider variety of brain pathologies should be encouraged. In addition, studies into the influencing factors and clinical outcomes associated with each recovery mechanism are warranted. Despite the advantages of DTT, the limitations of DTT also need to be considered because three-dimensional reconstruction of brain regions that involve fiber complexity and fiber crossing can prevent DTT from fully reflecting the underlying fiber architecture, resulting in a possible underestimation of the status of the neural tract of interest (41–43).
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Physical activity (PA) has been shown to have a positive influence on functional recovery in patients after a spinal cord injury (SCI). Hence, it can act as a confounder in clinical intervention studies. Wearable sensors are used to quantify PA in various neurological conditions. However, there is a lack of knowledge about the inter-day reliability of PA measures. The objective of this study was to investigate the single-day reliability of various PA measures in patients with a SCI and to propose recommendations on how many days of PA measurements are required to obtain reliable results. For this, PA of 63 wheelchair-dependent patients with a SCI were measured using wearable sensors. Patients of all age ranges (49.3 ± 16.6 years) and levels of injury (from C1 to L2, ASIA A-D) were included for this study and assessed at three to four different time periods during inpatient rehabilitation (2 weeks, 1 month, 3 months, and if applicable 6 months after injury) and after in-patient rehabilitation in their home-environment (at least 6 months after injury). The metrics of interest were total activity counts, PA intensity levels, metrics of wheeling quantity and metrics of movement quality. Activity counts showed consistently high single-day reliabilities, while measures of PA intensity levels considerably varied depending on the rehabilitation progress. Single-day reliabilities of metrics of movement quantity decreased with rehabilitation progress, while metrics of movement quality increased. To achieve a mean reliability of 0.8, we found that three continuous recording days are required for out-patients, and 2 days for in-patients. Furthermore, the results show similar weekday and weekend wheeling activity for in- and out-patients. To our knowledge, this is the first study to investigate the reliability of an extended set of sensor-based measures of PA in both acute and chronic wheelchair-dependent SCI patients. The results provide recommendations for sensor-based assessments of PA in clinical SCI studies.
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INTRODUCTION

Neurological disorders such as Spinal Cord Injury (SCI) are characterized by the different degrees of impairment of motor and sensory function. Earlier studies have investigated the impact of physical activity (PA) on functional recovery and found a positive effect in various neurological diseases (1–3). Past intervention studies in SCI focused on the integration of activity-based therapies with various intensities, duration, and type of PA, into rehabilitation programs to improve functional recovery. The outcome of these studies, however, are contradictory, with some of them showing improved strength or functional ability of the upper limbs (4–7) and performance in daily life (8), whereas others could not show any significant effect on the functional recovery (9, 10). One reason for such divergent results could be the subjective and non-comprehensive assessments of PA performed by the patient outside the controlled interventions. Thus, PA needs to be objectively assessed to better estimate the effects of interventions and the impact of PA on patient recovery in general.

In the past 15 years, accelerometers and inertial measurement units (IMUs) have been introduced to quantify PA more objectively. The use of accelerometers is well established in health sciences, especially in quantifying PA in the able-bodied population (11), elderly (12), children (13), and patients with various neurological conditions such as stroke (14, 15), Parkinson's (16), and multiple sclerosis (17). In SCI, studies have been conducted to develop metrics to capture PA in wheelchair-bound SCI patients (18, 19).

The levels of PA change throughout the rehabilitation process due to neurological recovery and compensation (20, 21), and can differ between individuals (22). Furthermore, they may vary from day to day as well due to environmental factors, but also due to patient characteristics like motivation, or general health status and pain. Therefore, there is a need to quantify how much the PA varies between single days within one patient and how many days are required to account for this variability to obtain a reliable representation of the overall PA level of the subject.

Guidelines on how many days the PA has to be monitored to obtain a reliable representation of the overall PA already exist for healthy adults and children. For healthy adults, a measurement period of 1 week has been suggested (23), while a measurement period of up to 11 days has been suggest for children (24). In older adults, a desired measurement duration of one to 2 days has been reported to achieve good reliabilities for sedentary, low and moderate-to-vigorous physical activity (25). In neurological diseases, e.g., in multiple sclerosis, guidelines suggest 4–6 days for sedentary behavior and 3–7 days for low and moderate-to-vigorous physical activity (26). The existing guidelines, however, cannot easily be translated to the SCI population, and especially not to wheelchair-dependent patients because of the completely different PA patterns such as wheeling instead of walking.

Because of the novelty of PA research in SCI, no comprehensive guidelines on measurement periods exist for this population. Sonenblum et al. (27) proposed a measurement period of 1 week to obtain reliable estimations of PA related solely to wheelchair usage, such as distance wheeled and duration of wheeling episodes. Yet, this conclusion is drawn from a limited number of patients with different neurological conditions, and only in their chronic stages. Since the variability between days might change between the stages and it might also be different for the different metrics of PA, we propose guidelines for the wheelchair-dependent patients on how many days of measurement are required for various measures of PA during the different stages of rehabilitation after the incidence of SCI. The primary aim of this study was to estimate the reliability of several sensor-based metrics of PA at different time points during the rehabilitation progress. The secondary aim was to compare the reliability of PA measures across days of active rehabilitation and on weekends.



METHODS


Patients

In total, 63 patients with SCI were included in this analysis, participating in two observational studies (for information about the protocol see Measurement procedure).

Patients suffering from a traumatic or non-traumatic acute SCI with all NLI and levels of lesion completeness were admitted to this study. Any neurological disease other than SCI, and any orthopedic or psychiatric disorders, were considered as exclusion criteria. Additionally, only wheelchair-dependent patients, defined by a value of < 3 in all the mobility domains (12, 13, and 14) of the Spinal Cord Independence Measure III (SCIM III) (28) were considered for the analysis.

The NLI and completeness of the lesion (AIS) was assessed following the International Standards for Neurological Classification of SCI (ISNCSCI) (29). Patients with an NLI from C1 to Th1 were classified as tetraplegic, while patients with an NLI from Th2 to S2 were classified as paraplegic. Recruitment took place from 2014 until 2017, at the sites of the Swiss Paraplegic Center in Nottwil, the Rehab Basel in Basel and the Balgrist University Hospital in Zurich, Switzerland. All patients signed a written consent before participating in the study in accordance with the Declaration of Helsinki. The study was approved by the ethical committees of the cantons of Zurich (KEK-ZH-Nr. 2013-0202), Lucerne (EK 13018), and Basel (EK 34313) and is registered on clinicaltrials.gov (Identifier: NCT02098122).



Measurement Procedure

For this study, the ReSense modules (30) were used as a measurement device. The ReSense modules are compact IMUs recording 3D acceleration, 3D angular velocity, 3D magnetic field strength, and barometric pressure for more than 24 h continuously. By turning all sensors except the accelerometer off, the battery life can be extended to over 2 weeks. In this study, only the acceleration data were used.

At all time points, patients were equipped with several ReSense modules (Figure 1). One sensor measuring acceleration was attached to each wrist with AlphaStrap Blue (North Coast) and Velcro Straps (Velcro) for a duration of three consecutive weekdays to capture upper limb movements. Patients were asked to wear the sensors continuously for about 72 h during day- and nighttime and just take them off for showering or swimming activities. They were told that their amount of activity was being measured and that they should engage in their everyday life actives. Due to the limited battery lifetime, the sensors were exchanged once a day and recharged. Additionally, one module measuring acceleration was mounted on the right wheel of each wheelchair for the duration of seven consecutive days to capture wheeling metrics precisely (18, 31).
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FIGURE 1. Photograph of one examiner wearing the sensors. One sensor was attached to the right wheel of each wheelchair, one sensor was attached to each wrist.



Data collection was conducted in the context of two observational studies (Figure 2). In the first observational study, patients were measured at five different time points during rehabilitation, each time for 3 consecutive days wearing the wrist sensors, and 7 consecutive days using the wheelchair sensor, respectively. The first four time points were within the clinical rehabilitation facilities (“in-patient”), whereas the last time point took place after discharge (“out-patient”). The in-patient rehabilitation was divided into four distinct stages, which conform to the time windows of the European Multicenter Study about SCI (EMSCI1:): very acute (VA), acute 1 (A I), acute 2 (A II), and acute 3 (A III), which are 2 weeks (0–15 days), 1 month (16–40 days), 3 months (70–98 days), and 6 months (150–186 days after injury), respectively. The last time point (out-patient) was defined to be 1 year after injury (chronic stage–C, 300–400 days). It is important to note that at stage A III, some patients were already discharged from the rehabilitation facility and were therefore analyzed within the out-patient group. Dividing the rehabilitation process into different stages has the advantage of stratifying the clinical picture of the patients and enables to analyze the patient data in short time windows in which a minimal functional change can be expected. In the second observational study, different patients were measured once after discharge for 3 consecutive days wearing the wrist sensors, and 7 consecutive days using the wheelchair sensor, respectively, at least 1 year after injury.
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FIGURE 2. Measurement protocol. This study consists of two observational studies. In the 1st observational study, patients were measured at 5 time points during the rehabilitation process. In the 2nd observational study, a different patient cohort was measured only once, at least 1 year after injury. In stages VA, A I, A II, and partly A III of the 1st observational study, patients were in-patients (red). In the 2nd observational study, as well as partly in A III, and stage C of the 1st observational study, patients were out-patients (blue). At each time point (*), acceleration and angular velocity of the right and left wrists were recorded for 3 days, while the acceleration of the right wheel of the wheelchair was recorded for 7 days. Overall upper limb activity (AC) and PA based on energy expenditure (SED, LPA, and MVPA) were calculated based on the 3 day recordings. All wheeling-related measures (DISTTOT, DISTACT, and VEL) were calculated based on the 7 day recordings.



Not every patient was measured at every timepoint due to later recruitment or early drop-out and the number of patients of the 3-day measurement can differ from the number of the patients of the 7-day measurement due to technical issues with the sensors (Table 1).



Table 1. Patient demographics for all patients included (third row) as well as split up into patients included included in the 1st and 2nd observational studies for 3-day as well as 7-day measurements (bold values).
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Data Analysis and Statistics

The number of included patients varied depending on the specific analysis and time point (Table 1). For the analyses focusing on the whole in-patient group, data from stages VA, A I, A II, and partly A III of the 1st observational study were pooled. Similarly, data of the whole out-patient group were pooled from the 2nd observational study, and from stage A III (partly) and C of the 1st observational study.

Preprocessing

The desired sampling rate of the sensor was 50 Hz. However, the exact sampling rate of the ReSense sensors can vary between 49 and 51 Hz. Therefore, the raw data was resampled to 50 Hz using a common set of time points for all the modules that were used together (32). The periods of not wearing the sensors were removed from the data using a semi-automatic algorithm. The algorithm labels periods with 20 min of consecutive zero-counts as potential non-wear times (33). Thereafter, the labeled periods were visually inspected by an expert and manually adapted where necessary.

Sensor-Based Metrics

Sensor-based metrics were divided into 4 major categories: activity counts of overall upper limb movement, PA intensity levels (time spent in sedentary PA, low PA and moderate-to-vigorous PA), metrics of wheeling quantity (total and actively wheeled distance), and metrics of movement quality (upper limb movement laterality and mean wheeling velocity as a proximate of wheeling performance).

Overall upper limb activity

Activity counts (AC) were used to enumerate total forearm activity in a generalized way and were calculated by applying the discrete integral over the acceleration magnitude in epochs with the length of 1 min (34) and subsequently averaging the AC values over all epochs. AC of the right and left wrist were summed up.

PA intensity levels

Different intensity levels of PA were defined by using AC cut-off values. These cut-off values were derived from previous energy expenditure measures in combination with IMU data (35). The intensity levels were defined by means of the metabolic equivalence of task (MET) adapted for SCI (36), where sedentary activities (SED) corresponded to a MET level below 1.5, low physical activity (LPA) to a MET value between 1.5 and 3, and moderate-to-vigorous activities (MVPA) corresponded to a MET level above 3. SED, LPA, and MVPA are expressed in minutes spent in the respective intensity level per 24 h.

Metrics of wheeling quantity

To calculate wheeling-related metrics, a previously published algorithm (18) was used to (i) detect the phases of wheeling activity by applying heuristic rules, and (ii) to classify these phases into active and passive wheeling by using support vector machine classifiers. The total distance (DISTTOT) and the distance wheeled actively (DISTACT) were extracted from the data and normalized to 24 h.

Metrics of movement quality

Whereas, the three aforementioned categories described how often movements were performed, the following metrics describe how the movements were performed.

Upper limb movement laterality (LAT) represents the symmetry of upper limb movements in general. LAT was calculated by computing the AC in epochs of 2 s for the right and left hand, dividing AC of the right hand and left hand and log transforming this ratio. The median value of the absolute log transform was used for the analysis. Details about the calculation can be found in Brogioli et al. (19). Scores for LAT range from minus to plus infinity quantifying the amount of LAT, with zero for no LAT.

Mean velocity (VEL) can be interpreted as a proximate measure for the quality of wheeling. Patients with improved functional ability will be able to wheel on average faster than patients in earlier stages of rehabilitation, or with more severe impairments.

VEL was defined as the mean absolute velocity of active propulsion, and was extracted using the aforementioned wheeling algorithm (18).

Statistics

First, the single-day reliabilities of all sensor-based metrics were calculated. Then the number of days needed for a reliable measurement was identified.

Single-day reliabilities for AC, SED, LPA, MVPA, and LAT were calculated based on the 3-day measurements, because they require information of the wrist sensors. Single-day reliabilities for DISTTOT, DISTACT, and VEL were calculated based on the 7-day measurements, because they require information of the wheel sensor only.

Single-day reliability was defined as the Intraclass Correlation Coefficient (ICC), which was calculated using a variance portioning approach based on a one-way random effects model, with the random effect being on the subject level (37)
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where [image: image] is the between-subject variance and [image: image]the residual variance. This approach is a well-established method especially in the field of PA research (23, 38, 39).

The confidence intervals for ICC were calculated based on the exact confidence limit equation (40).

According to Koo and Li (41), ICC values higher than 0.9 are considered as excellent, between 0.75 and 0.9 as good, between 0.5 and 0.75 as moderate, and lower than 0.5 as poor reliability.

To calculate the number of days needed for a reliable measurement (N), the Spearman Brown prophecy formula was used (42),

[image: image]

where ICCt is the desired level of reliability and ICCs is the single-day reliability. The desired reliability was set to 0.8, which is considered as an acceptable value according to literature (43).

To assess the relation of the wheeling-related metrics during weekdays and the weekend, equivalence tests were used. For normally distributed data, the Two Sided T-test (TOST) approach was used (44). In TOST, an epsilon (ε) has to be defined that corresponds to the level of practical equivalence (LOPE). We chose ε as the mean value of all the standard deviations of the respective metric:

[image: image]

where n is the number of patients, and [image: image]is the standard deviation of the i-th subject for the metric of interest.

For non-normally distributed data, the TOST procedure was adapted by using the non-parametric Mann-Whitney-Wilcoxon Test instead of the Student's t-test.

A sample size calculation was performed according to the method presented in (45). The results of this analysis can be found in Table S1.

Preprocessing and calculation of the output metrics was conducted using MATLAB R2017a (MathWorks, Natick, MA, USA). Statistics were computed using R (The R project for Statistical Computing, R Core Team).




RESULTS


Patient Characteristics

The mean age of all patients was 49.3 ± 16.6 years at the time of recruitment. 17 (27%) of the patients were female. ASIA impairment scale (AIS) levels ranged from A to D, (A: 27, B: 9, C: 16, and D: 11 patients at the time of recruitment) and the neurological level of injury (NLI) from C1 to L2 (C1–C4: 17, C5–C8: 17, T1–T5: 6, T6–T12: 19, and L1–L2: 4 patients at the time of recruitment). More detailed information about patient numbers and demographics can be found in Table 1.



Single-Day Reliabilities

Single-day reliabilities of metrics of PA varied depending on the time after SCI (i.e., rehabilitation progress) ranging from excellent to poor reliability levels (Figure 3). ICC of metrics describing movement quantity (AC, SED, LPA, MVPA, DISTTOT, and DISTACT) tended to decrease during the rehabilitation progress (Figures 3A–C) and decreased e.g., from excellent reliability levels (0.93) for LPA in stage VA to poor levels (0.44) for LPA in out-patients. In contrast, measures describing movement quality (LAT and VEL) tended to increase during rehabilitation (Figure 3D). Especially, reliability of VEL improved from a poor level of the ICC (0.19) at stage VA to a moderate level (0.66) for out-patients. Overall upper limb activity (AC) showed excellent ICC levels (ICC > 0.92) during the first three acute stages with a decrease at later stages of rehabilitation to a good level (0.79) and a moderate level (0.65) after discharge (out-patient).
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FIGURE 3. ICC values representing the single-day reliabilities for (A) activity counts (AC); (B) time spent in sedentary activity (SED), low physical activity (LPA), and moderate-to-vigorous activity (MVPA); (C) total distance traveled in a wheelchair (DISTTOT) and distance traveled actively in a wheelchair (DISTACT); and (D) laterality (LAT) and mean velocity (VEL) for all in-patient rehabilitation stages (very acute (VA−2 weeks after injury), acute I (A I−4 weeks after injury), acute II (A II−3 months after injury), acute III (A III−6 months after injury), as well as for the out-patients (> 6 months after injury). The horizontal dashed lines depict the ICC level of 0.8, which was chosen as a requirement for a reliable measurement. Solid and dotted lines indicate the confidence intervals. Indicated patient numbers n are the pooled numbers.



Overall single-day reliabilities were higher in tetraplegic patients than in paraplegic patients for most metrics (Figure 4). One exception to this was found in the reliability of MVPA in the out-patients, were the single-day reliability for tetraplegic patients was poor (0.24) and thus lower than the moderate level (0.65) for the paraplegic patients. Furthermore, the single-day reliability of LPA is poor (0.03) in paraplegic out-patients.”
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FIGURE 4. ICC values representing the single-day reliabilities for activity counts (AC), time spent in sedentary activity (SED), low physical activity (LPA), moderate-to-vigorous activity (MVPA), total distance traveled in a wheelchair (DISTTOT), distance traveled actively in a wheelchair (DISTACT), laterality (LAT), and mean velocity during active wheeling (VEL) for wheelchair-dependent paraplegic patients (full circle, solid lines) compared to wheelchair-dependent tetraplegic patients (empty circle, dotted lines) for the in-patients (from 2 weeks after injury to 6 months after injury) and out-patients (> 6 months after injury). The dashed horizontal lines depict the ICC level of 0.8, which was chosen as a requirement for a reliable measurement. Solid and dotted lines indicate the confidence intervals. Indicated patient numbers n are the pooled numbers.





Required Number of Days

A mean reliability of 0.8 is reached when monitoring in-patients for 2 days and out-patients for 3 days for all metrics (Figures 5A,C). A 7-day measurement is estimated to reach excellent reliabilities for all metrics in both in- and out-patients (Figures 5B,D).
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FIGURE 5. The subfigures on the left side (A: in-patients, C: out-patients) represent the number of measurement days needed in order to achieve a reliability of 0.8 for different metrics of movement quantity (activity counts – AC, time spent in sedentary activity – SED, in low physical activity – LPA, in moderate-to-vigorous activity – MVPA, total distance wheeled – DISTTOT, and distance wheeled actively – DISTACT) as well as metrics of movement quality (laterality – LAT and mean wheeling velocity – VEL). Additionally, the numbers of measurement days needed for a reliability of 0.5 and 0.75 are presented with magenta and blue vertical bars, respectively. The subfigures on the right side (B: in-patients, D: out-patients) show the reliabilities, which would be achieved when measuring 3 and 7 days, respectively.





Influence of Weekday vs. Weekend

With the chosen LOPEs and a significance level of 0.05, equivalence could be established for DISTTOT as well as DISTACT between weekdays and the weekend in all in-patients and out-patients, as well as single stages VA and A I (Table 2, Figure 6A). At stages A II and A III, no equivalence could be shown (Figure 6A) for DISTTOT and DISTACT. Results for active distance are very similar to total distance for all stages, and thus not presented.



Table 2. Descriptive statistics for total distance traveled in a wheelchair (DISTTOT), distance traveled actively in a wheelchair (DISTACT), and mean velocity during active wheeling (VEL) performed during weekdays and weekends (mean ± SD and median (IQR) for pooled in-patients and out-patients, as well as all single stages, VA (very acute−2 weeks after injury), A I (acute I−4 weeks after injury), A II (acute II−3 months after injury), A III (acute III−6 months after injury).
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FIGURE 6. Boxplots for total distance traveled in a wheelchair (A) and mean velocity during active wheeling (B) during weekdays vs. weekends in all single in-patient stages (VA, AI, AII, AIII), as well as out-patients. */+ denotes p-value of < 0.05, **/++ a p-value of < 0.01, ***/+++ a p-value of < 0.001, respectively. P-values were calculated using the TOST procedure for normally distributed data (*), respectively, the adapted equivalence test based on the Mann-Whitney-Wilcoxon Test for non-normally distributed data (+).



For VEL, equivalence could be shown in all in-patients and out-patients, as well as at single stages A I, A II, whereas in stage VA and A III no equivalence could be established (Table 2 and Figure 6B).




DISCUSSION

To our knowledge, this study is the first to investigate the reliabilities of a comprehensive set of sensor-based measures of PA in both acute and chronic wheelchair-dependent SCI patients. These findings provide recommendations for the application of sensor-based assessments of PA that enable non-obstructive long term recordings throughout clinical studies in in- and out patients.


Single-Day Reliabilities

Single-day reliabilities of PA metrics depend highly on the clinical condition, i.e., the stage of rehabilitation and the extent of functional impairment. The reliability of measures of movement quantity such as activity counts of upper limb activity, PA intensity levels and wheeling-related metrics decreased during in-patient rehabilitation and in the out-patient setting, while in general was found to be higher for tetraplegic patients. One reason for this might be that in-patients have a more regular daily schedule due to preplanned therapy sessions as observed by therapists at the different rehabilitation centers, resulting in lower variability of daily activities. Reliabilities of metrics of movement quantity are higher in patients with a higher impairment like in tetraplegia and in the early stages of rehabilitation, as the use of the upper limbs for these patients is mostly limited to the very structured therapy sessions, lowering the variability between single days. Additionally, these patients might also reach their upper limits of PA during their daily schedules, resulting in a very low variability between single days.

High reliability levels of upper limb activity in terms of AC compared to the other quantitative metrics suggest that this measure, although widely used in PA-research, may provide a rather rough approximation of PA levels in SCI patients, lacking the detailed information about PA intensity patterns and specific movements like wheeling.

Metrics based on PA intensity levels show lower single-day reliability levels than AC, suggesting that these metrics capture more detailed information about PA levels which likely vary between single days. Another possible explanation could be that the AC thresholding for this analysis introduces noise into the estimates. Future studies are needed to investigate this in more detail.

The reliability of LPA in paraplegic out-patients was considerably lower compared to the remaining metrics based on PA intensity levels. Since the reliability is calculated by dividing the between-subject variance by the total variance (Equation 1), for LPA in paraplegic out-patients, the poor reliability can be explained by a very low variance between the individual patients compared to the variance between the single days. While tetraplegic patients show a much higher between-subject variance, this might be a hint that LPA could be influenced by the level of impairment of the upper limbs. LPA is likely to represent activities of daily living, as demonstrated earlier (35). Assuming that a large amount of activities of daily living (not involving mobility), e.g., feeding, showering, and dressing are equally presented in each patient, LPA should not vary strongly between single patients. This hypothesis is valid for patients that are not impaired in the upper-limbs, i.e., paraplegics, as can be seen in the low variability of LPA between the patients (LPA: SD: 1.1h, Min: 9h, Max: 13h). In contrast, the level of impairment of the upper limbs varies strongly in the tetraplegic group, which might be the reason for a higher variability of LPA between the patients (LPA: SD: 2.8h, Min: 6h, Max: 15 h).

In contrast to the increased reliability in LPA for tetraplegic outpatients, MVPA shows a decreased single-day reliability in these patients. A possible reason is that these patients are challenged to even reach moderate-to-vigorous intensities (46, 47) and thus show it only occasionally and not in everyday PA.

In contrast to metrics of movement quantity, single-day reliabilities of metrics of movement quality like LAT and VEL increased during the rehabilitation and stayed on a higher level after discharge. During in-patient rehabilitation, patients learn various skills to handle their impairment, e.g., wheeling techniques or compensatory strategies for activities of daily living, which may result in higher variability between single days at the earlier stages of rehabilitation. Moreover, at the beginning of the rehabilitation process arm rehabilitative training is often unilateral (e.g., with ArmeoPower (48) training), leading to a high discrepancy of LAT between specific therapy sessions and leisure time and thus increasing the variability of LAT between different days. Furthermore, the therapy schedules may vary strongly between different days at these stages, which can result in more variable measures of movement quality on different days due to dedicated rehabilitation sessions with specific training aims such as improving the function of the more impaired side in tetraplegics leading to a higher variability in measures of movement quality as can be seen for LAT in the AI stage. After the patients learn certain strategies, they may apply them more consistently during their daily activities, resulting in higher single-day reliabilities at the later stages of rehabilitation. The high reliability of LAT in the stage VA might be due to the fact that patients are mainly bound to the bed, and not showing much PA in general, which may lead to a higher reliability.



Required Number of Days For Reliable Measures

Based on our data, metrics of movement quality should optimally be measured for 4 days to achieve a mean reliability of 0.8, which is commonly used in the field of PA research (23, 24, 26, 49). In the in-patient setting, we suggest measuring metrics of movement quantity for 2 days to achieve a mean reliability of 0.8, while in the out-patient setting measuring on average for 3 days is required to achieve the same reliability. The findings of high reliability of 2-days recordings increase the applicability of sensor measurements in the clinical routine where, especially in acute patients, wearing sensors for too long may be an additional burden. However, we suggest 4 days to capture all analyzed metrics of movement quantity reliably, and one to 2 days for the measures of movement quality in the out-patient setting.

Measuring for 7 days would yield excellent reliabilities for all metrics in all patients, which might be relevant in research and clinical studies where even the detection of small changes in PA patterns may have an impact on outcomes. However, measurement duration is always in tradeoff with clinical applicability and patient compliance.



Difference Between Weekdays And Weekend

We investigated whether it makes a difference to measure PA on weekends or during the week. For this, only wheeling-related metrics (DISTTOT, DISTACT, and VEL) were analyzed, as 7-day recordings were only available from the wheel-mounted sensor. In in-patients as well as in out-patients we could show equivalence of DISTTOT and DISTACT between weekdays and weekends. This suggests that measurements can be taken on any day of the week, keeping in mind that single days might represent unexpected outliers due to an event not occurring regularly. Nevertheless, the results for the in-patients have to be taken with precautions. Splitting up the in-patients into the single stages, equivalence between weekdays and weekends of DISTTOT and DISTACT could only be shown at the very early stages of rehabilitation (VA and AI), suggesting that for the stages of A II and A III both weekdays and weekends should be measured in order to obtain a comprehensive picture of the patients' overall PA. During early phases of rehabilitation, patients typically receive individual therapy instead of group therapies and their therapy schedules are less tight as observed by therapist at the different centers. We hypothesize that this could explain the observation of similar amounts of activity on the weekends and during the week. At later stages, however, the therapy schedule of the patients gets tighter during the week, which is why they might use the weekends for recovery. The fact that some patients can leave the rehabilitation facility over the weekend at later stages of rehabilitation might have an additional impact on their different behaviors during weekdays and weekends.

One could hypothesize that in out-patients the wheeling distances differ during weekdays and weekends mainly due to the fact that patients might work during the week and thus show different activity patterns than on the weekends. However, in out-patients, equal wheeling distances (DISTACT and DISTTOT) were found during the week and on the weekends, which might indicate that the patients we measured were not yet, or if then only partially back to work (50) or worked rather from home instead of having a working space away from home.

Equivalence of VEL could be shown in all in- and out-patients, suggesting that measurements can be taken on any day of the week to reliably capture VEL. However, when examining individual stages of the in-patient rehabilitation, at stage VA as well as at A III, no equivalence could be shown. In the latter stage, patients showed a higher VEL during the week than on the weekends, which might be due to the integration of sports activities into their therapy schedule, as already shown for ambulatory SCI patients (51). The result found for the stage VA is based on only a limited number of observations as most of these patients do not wheel actively, and thus has to be taken with care.



Comparison to Literature

Our results for the reliabilities of wheeling-related metrics in the out-patients are in line with literature, proposing up to 1 week of measuring wheeling-related PA in wheelchair-dependent chronic SCI patients (27). For AC as well as PA intensity times (SED, LPA, and MVPA), we can only compare our results to those of the able-bodied population. Single-day reliability for AC was found to be moderate in able-bodied individuals (23), which is consistent with our results in the out-patients. Similarly, single-day reliabilities for SED and MVPA are moderate and comparable to our results (23, 25). In contrast to a low single-day reliability found in our study, a good single-day reliability for LPA has been reported in the able-bodied population (23). This low single-day reliability happens to be distinctive to the wheelchair-dependent SCI population, and thus should not be compared to the able-bodied population.

To the best of our knowledge, this is the first work to analyze the reliability of physical activity metrics in the in-patient setting and thus no comparable data is available.



Choice of Accelerometer Cut-Points

Cut-off points are commonly used to define intensity levels and were established in previous studies for the healthy population (52, 53) and for stroke survivors (54). However, appropriate cut-off values depend on populations and type of wearable sensors used (55). Furthermore, changes in those cut-off values directly influence the metrics of intensity levels (56). Therefore, we defined cut-off values specific for our population of interest and for the wearable sensor used in this study. We calculated our cut-off points based on indirect calorimetry values as commonly done in the field (52–56). Transferring our results to methodologies using different accelerometer cut-off points has to be done carefully, as the influence of the cut-off points on the reliability is unknown, and reliability values might change.



Study Limitations

We would like to emphasize three main limitations of our study. The first one is the moderate sample size particularly in the very acute stage. Sample size is often a problem in SCI research. Especially in very acute stages recruitment of the patients and measuring these is challenging. In reliability studies, low sample size results in larger confidence intervals, making the interpretation of the results more difficult. Nevertheless, our sample size is reasonable if compared to other studies in the SCI population.

A further limitation is recording for only 3 days with the sensors attached to the wrists. Especially in tetraplegic patients, there is a risk of pressure sores caused by wearing the sensor straps for too long. Thus, a longer measurement time would expose the patients to an increased risk of damage to the skin. Furthermore, compliance decreases with increased number of measurement days. This limitation might result in larger confidence intervals.

A sample size calculation was conducted. Assuming an acceptable confidence interval width of 0.2, our sample sizes in the inpatient-setting are sufficient. In the outpatient setting, higher sample sizes would be required to make more precise statements. The problem of large confidence intervals in reliability studies has been addressed previously (45). This issue can be resolved by either increasing the number of subjects or the number of measurement days, and should be considered for further studies.

One limitation in studies using wearable sensors in general are possible behavioral reactions, i.e., subjects could alter their behavior because of the knowledge of being measured. Conflicting statements about the amount of reactivity have been made in literature (57, 58). However, the accuracy of PA measures based on wearable sensors is higher than the accuracy of the conventional questionnaires (59, 60) and thus better suitable to estimate PA levels.

Lastly, PA intensity levels were estimated from activity counts based on a previous study. Dedicated algorithms for the direct estimation of energy expenditure (35, 61) or direct measurements of energy expenditure might lead to slightly altered results, but the latter is very challenging to perform especially with acute patients due to the required equipment and the extensive protocol including standardized food intake and calibration phases.




CONCLUSION

We conclude that single-day reliabilities of metrics to capture PA in acute and chronic wheelchair-dependent SCI patients vary considerably depending on the clinical setting. With increasing functional recovery of the patients, metrics of movement quantity tend to become less reliable, whereas metrics of movement quality become more reliable. Depending on the specific metrics, 2 days are required on average to capture PA reliably in in-patients, whereas 3 days are required for out-patients. Furthermore, we suggest using AC only as a rather general measure for assessing the overall PA level of patients, and only in combination with more detailed metrics, e.g., PA intensity levels and wheeling-related metrics. This avoids a possible loss of information about the variability of PA during a whole day. Our results are based on a reasonable sample size for this population and thus provide robust recommendations on how to design clinical studies investigating PA as a primary outcome, or as a confounder in intervention studies in order to better evaluate the actual intervention effect.



AUTHOR CONTRIBUTIONS

SS, WP, MB, RG, and AC designed the study. SS, WP, MB, UA, ID, and I-MV collected the experimental data. SS and WP analyzed the data. SS, WP, MB, UA, LD, ID, I-MV, RG, and AC interpreted the results. SS, WP, MB, UA, LD, ID, I-MV, RG, and AC revised the manuscript and approved the final version.



FUNDING

This work was supported by the International Foundation for Research in Paraplegia (IRP, project number: P 157), by the Clinical Research Priority Program (CRPP) Neuro-Rehab of the University of Zurich, by the Swiss Paraplegic Foundation (SPS), by Wings for Life (project number: 143), by the ETH Zurich Foundation in collaboration with Hocoma AG, by a HMZ seed project (project title: ZurichMOVE: Wearable sensors to monitor movement quality and mobility in health care) funded by the University of Zurich and the ETH Zurich Foundation, and by the Swiss State Secretariat for Education, Research and Innovation (SERI) under contract number 15.0255 (Horizon 2020, 681094).



ACKNOWLEDGMENTS

The authors would like to thank the following persons (in alphabetical order) for their valuable help in recruitment, data acquisition, and the interpretation of the results: Karin Akermann, Anne K. Brust, Dr. Angela Frotzler, Fabienne Hasler, Dr. Kerstin Hug, Dr. Margret Hund, Dr. Mike. D. Rinderknecht, and Dr. Michelle L. Starkey.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2018.01039/full#supplementary-material



FOOTNOTES

1www.emsci.org



ABBREVIATIONS

SCI, Spinal Cord Injury; PA, physical activity; IMU, Inertial Measurement Unit; ICC, Intraclass Correlation Coefficient; AC, activity counts; LAT, laterality; MET, metabolic equivalent of task; SED, sedentary activity; LPA, low physical activity; MVPA, moderate-to-vigorous activity; DISTTOT, total distance; DISTACT, actively wheeled distance; VEL, mean velocity during active wheeling.



REFERENCES

 1. Lynskey JV, Belanger A, Jung R. Activity-dependent plasticity in spinal cord injury. J Rehabil Res Dev. (2008) 45:229–40. doi: 10.1682/JRRD.2007.03.0047

 2. Van Peppen RP, Kwakkel G, Wood-Dauphinee S, Hendriks HJ, Van der Wees PJ, Dekker J. The impact of physical therapy on functional outcomes after stroke: what's the evidence? Clin Rehabil. (2004) 18:833–62. doi: 10.1191/0269215504cr843oa

 3. Damiano DL. Activity, activity, activity: rethinking our physical therapy approach to cerebral palsy. Phys Ther. (2006) 86:1534–40. doi: 10.2522/ptj.20050397

 4. Beekhuizen KS, Field-Fote EC. Sensory stimulation augments the effects of massed practice training in persons with tetraplegia. Arch Phys Med Rehabil. (2008) 89:602–8. doi: 10.1016/j.apmr.2007.11.021

 5. Beekhuizen KS, Field-Fote EC. Massed practice versus massed practice with stimulation: effects on upper extremity function and cortical plasticity in individuals with incomplete cervical spinal cord injury. Neurorehabil Neural Repair. (2005) 19:33–45. doi: 10.1177/1545968305274517

 6. Hodkin EF, Lei Y, Humby J, Glover IS, Choudhury S, Kumar H, et al. Automated FES for upper limb rehabilitation following stroke and spinal cord injury. IEEE Trans Neural Syst Rehabil Eng. (2018) 26:1067–74. doi: 10.1109/TNSRE.2018.2816238

 7. Francisco GE, Yozbatiran N, Berliner J, O'Malley MK, Pehlivan AU, Kadivar Z, et al. Robot-assisted training of arm and hand movement shows functional improvements for incomplete cervical spinal cord injury. Am J Phys Med Rehabil. (2017) 96:S171–7. doi: 10.1097/PHM.0000000000000815

 8. Hicks AL, Martin KA, Ditor DS, Latimer AE, Craven C, Bugaresti J, et al. Long-term exercise training in persons with spinal cord injury: effects on strength, arm ergometry performance and psychological well-being. Spinal Cord (2003) 41:34–43. doi: 10.1038/sj.sc.3101389

 9. Glinsky J, Harvey L, van Es P, Chee S, Gandevia SC. The addition of electrical stimulation to progressive resistance training does not enhance the wrist strength of people with tetraplegia: a randomized controlled trial. Clin Rehabil. (2009) 23:696–704. doi: 10.1177/0269215509104171

 10. Zariffa J, Kapadia N, Kramer JL, Taylor P, Alizadeh-Meghrazi M, Zivanovic V, et al. Feasibility and efficacy of upper limb robotic rehabilitation in a subacute cervical spinal cord injury population. Spinal Cord (2012) 50:220–6. doi: 10.1038/sc.2011.104

 11. Godfrey A, Conway R, Meagher D, G OL. Direct measurement of human movement by accelerometry. Med Eng Phys. (2008) 30:1364–86. doi: 10.1016/j.medengphy.2008.09.005

 12. Najafi B, Aminian K, Paraschiv-Ionescu A, Loew F, Büla CJ, Robert P. Ambulatory system for human motion analysis using a kinematic sensor: monitoring of daily physical activity in the elderly. IEEE Trans Biomed Eng. (2003) 50:711–23. doi: 10.1109/TBME.2003.812189

 13. Riddoch CJ, Andersen LB, Wedderkopp N, Harro M, Klasson-Heggebø L, Sardinha LB, et al. Physical activity levels and patterns of 9- and 15-yr-old european children. Med Sci Sport Exerc. (2004) 36:86–92. doi: 10.1249/01.MSS.0000106174.43932.92

 14. Uswatte G, Miltner WH, Foo B, Varma M, Moran S, Taub E. Objective measurement of functional upper-extremity movement using accelerometer recordings transformed with a threshold filter. Stroke (2000) 31:662–7. doi: 10.1161/01.STR.31.3.662

 15. van der Pas SC, Verbunt JA, Breukelaar DE, van Woerden R, Seelen HA. Assessment of arm activity using triaxial accelerometry in patients with a stroke. Arch Phys Med Rehabil. (2011) 92:1437–42. doi: 10.1016/j.apmr.2011.02.021

 16. Salarian A, Russmann H, Vingerhoets FJG, Burkhard PR, Aminian K. Ambulatory monitoring of physical activities in patients with Parkinson's disease. IEEE Trans Biomed Eng. (2007) 54:2296–9. doi: 10.1109/tbme.2007.896591

 17. Motl RW, McAuley E, Snook EM, Gliottoni RC. Physical activity and quality of life in multiple sclerosis: intermediary roles of disability, fatigue, mood, pain, self-efficacy and social support. Psychol Heal Med. (2009) 14:111–24. doi: 10.1080/13548500802241902

 18. Popp WL, Brogioli M, Leuenberger K, Albisser U, Frotzler A, Curt A, et al. A novel algorithm for detecting active propulsion in wheelchair users following spinal cord injury. Med Eng Phys. (2016) 38:267–74. doi: 10.1016/j.medengphy.2015.12.011

 19. Brogioli M, Popp WL, Albisser U, Brust AK, Frotzler A, Gassert R, et al. Novel sensor technology to assess independence and limb-use laterality in cervical spinal cord injury. J Neurotrauma (2016) 33:1950–7. doi: 10.1089/neu.2015.4362

 20. Curt A, Van Hedel HJA, Klaus D, Dietz V. Recovery from a spinal cord injury: significance of compensation, neural plasticity, and repair. J Neurotrauma (2008) 25:677–85. doi: 10.1089/neu.2007.0468

 21. Anderson KD. Targeting recovery: priorities of the spinal cord-injured population. J Neurotrauma (2004) 21:1371–83. doi: 10.1089/neu.2004.21.1371

 22. Brogioli M, Schneider S, Popp WL, Albisser U, Brust AK, Velstra I-M, et al. Monitoring upper limb recovery after cervical spinal cord injury: insights beyond assessment scores. Front Neurol. (2016) 7:142. doi: 10.3389/fneur.2016.00142

 23. Aadland E, Ylvisaker E. Reliability of objectively measured sedentary time and physical activity in adults. PLoS ONE (2015) 10:e0133296. doi: 10.1371/journal.pone.0133296

 24. Barreira T, Schuna J, Tudor-Locke C, Chaput JP, Church T, Fogelholm M, et al. Reliability of accelerometer-determined physical activity and sedentary behavior in school-aged children: a 12-country study. Int J Obes Suppl. (2015) 5:29–35. doi: 10.1038/ijosup.2015.16

 25. Falck RS, Landry GJ, Brazendale K, Liu-Ambrose T. Measuring physical activity in older adults using motionwatch 8 actigraphy: how many days are needed? J Aging Phys Act. (2017) 25:51–7. doi: 10.1123/japa.2015-0256

 26. Klaren RE, Hubbard EA, Zhu W, Motl RW. Reliability of accelerometer scores for measuring sedentary and physical activity behaviors in persons with multiple sclerosis. Adapt Phys Act Q. (2016) 33:195–204. doi: 10.1123/APAQ.2015-0007

 27. Sonenblum SE, Sprigle S, Lopez RA. Manual wheelchair use: bouts of mobility in everyday life. Rehabil Res Pract. (2012) 2012:1–7. doi: 10.1155/2012/753165

 28. Catz A, Itzkovich M, Agranov E, Ring H, Tamir A. SCIM–spinal cord independence measure: a new disability scale for patients with spinal cord lesions. Spinal Cord (1997) 35:850–6. doi: 10.1038/sj.sc.3100504

 29. Kirshblum SC, Burns SP, Biering-Sorensen F, Donovan W, Graves DE, Jha A, et al. International standards for neurological classification of spinal cord injury (revised 2011). J Spinal Cord Med. (2011) 34:535–46. doi: 10.1179/204577211X13207446293695

 30. Leuenberger K, Gassert R. Low-power sensor module for long-term activity monitoring. Conf Proc IEEE Eng Med Biol Soc. (2011) 2011:2237–41. doi: 10.1109/IEMBS.2011.6090424

 31. Sonenblum SE, Sprigle S, Harris FH, Maurer CL. Characterization of power wheelchair use in the home and community. Arch Phys Med Rehabil. (2008) 89:486–91. doi: 10.1016/j.apmr.2007.09.029

 32. Leuenberger KD. Long-Term Activity and Movement Monitoring in Neurological Patients. ETH Zurich (2015).

 33. Masse CL, Fuemmeler BF, Anderson CB, Matthews CE, Trost SG, Catellier DJ, et al. Accelerometer Data Reduction: A Comparison of Four Reduction Algorithms on Select Outcome Variable. Med Sci Sport Exerc. (2005) 37(Suppl. 11):S544–54. doi: 10.1249/01.mss.0000185674.09066.8a

 34. Leuenberger K, Gonzenbach R, Wachter S, Luft A, Gassert R. A method to qualitatively assess arm use in stroke survivors in the home environment. Med Biol Eng Comput. (2017) 55:141–50. doi: 10.1007/s11517-016-1496-7

 35. Popp WL, Richner L, Brogioli M, Wilms B, Spengler Christina M, et al. Estimation of energy expenditure in wheelchair-bound spinal cord injured individuals using inertial measurement units. Front Neurol. (2018) 9:478. doi: 10.3389/fneur.2018.00478

 36. Collins EG, Gater D, Kiratli J, Butler J, Hanson K, Edwin Langbein W, et al. Energy cost of physical activities in persons with spinal cord injury. Med Sci Sport Exerc. (2010) 42:691–700. doi: 10.1249/MSS.0b013e3181bb902f

 37. Martin Bland J, Altman D. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet (1986) 327:307–10. doi: 10.1016/S0140-6736(86)90837-8

 38. Levin S, Jacobs DR, Ainsworth BE, Richardson MT, Leon AS. Intra-individual variation and estimates of usual physical activity. Ann Epidemiol. (1999) 9:481–8. doi: 10.1016/S1047-2797(99)00022-8

 39. Trost SG, Pate RR, Freedson PS, Sallis JF, Taylor WC. Using objective physical activity measures with youth: how many days of monitoring are needed? Med Sci Sports Exerc. (2000) 32:426–31. doi: 10.1097/00005768-200002000-00025

 40. Searle SR. Linear Models. New York, NY: John Wiley & Sons, Inc. (1971).

 41. Koo TK, Li MY. Cracking the code: providing insight into the fundamentals of research and evidence-based practice a guideline of selecting and reporting intraclass correlation coefficients for reliability research. J Chiropr Med. (2016) 15:155–63. doi: 10.1016/j.jcm.2016.02.012

 42. McGraw KO, Wong SP. Forming inferences about some intraclass correlation coefficients. Psychol Methods (1996) 1:30–46. doi: 10.1037/1082-989X.1.1.30

 43. Trost SG, McIver KL, Pate RR. Conducting accelerometer-based activity assessments in field-based research. Med Sci Sports Exerc. (2005) 37:S531–43. doi: 10.1249/01.mss.0000185657.86065.98

 44. Berger RL, Hsu JC. Bioequivalence trials, intersection–union tests and equivalence confidence set. Stat Sci. (1996) 11:283–319.

 45. Wolak ME, Fairbairn DJ, Paulsen YR. Guidelines for estimating repeatability. Methods Ecol Evol. (2012) 3:129–37. doi: 10.1111/j.2041-210X.2011.00125.x

 46. Zbogar D, Eng JJ, Miller WC, Krassioukov AV, Verrier MC. Physical activity outside of structured therapy during inpatient spinal cord injury rehabilitation. J Neuroeng Rehabil. (2016) 13:99. doi: 10.1186/s12984-016-0208-8

 47. Jörgensen S, Martin Ginis KA, Lexell J. Leisure time physical activity among older adults with long-term spinal cord injury. Spinal Cord (2017) 55:848–56. doi: 10.1038/sc.2017.26

 48. Keller U, Schölch S, Albisser U, Rudhe C, Curt A, Riener R, et al. Robot-assisted arm assessments in spinal cord injured patients: a consideration of concept study. PLoS ONE (2015) 10:e0126948. doi: 10.1371/journal.pone.0126948

 49. Tudor-Locke C, Burkett L, Reis JP, Ainsworth BE, Macera CA, Wilson DK. How many days of pedometer monitoring predict weekly physical activity in adults? Prev Med. (2005) 40:293–8. doi: 10.1016/j.ypmed.2004.06.003

 50. Lidal IB, Huynh TK, Biering-Sørensen F. Return to work following spinal cord injury: a review. Disabil Rehabil. (2007) 29:1341–75. doi: 10.1080/09638280701320839

 51. Franz M, Richner L, Wirz M, Von Reumont A, Bergner U, Herzog T, et al. Physical therapy is targeted and adjusted over time for the rehabilitation of locomotor function in acute spinal cord injury interventions in physical and sports therapy article. Spinal Cord (2018) 56:158–67. doi: 10.1038/s41393-017-0007-5

 52. Gorman E, Hanson HM, Yang PH, Khan KM, Liu-Ambrose T, Ashe MC. Accelerometry analysis of physical activity and sedentary behavior in older adults: a systematic review and data analysis. Eur Rev Aging Phys Act (2014) 11:35–49. doi: 10.1007/s11556-013-0132-x

 53. Kim Y, Beets MW, Welk GJ. Everything you wanted to know about selecting the “ right” Actigraph accelerometer cut-points for youth, but…: a systematic review. J Sci Med Sport (2012) 15:311–21. doi: 10.1016/j.jsams.2011.12.001

 54. Mattlage AE, Redlin SA, Rippee MA, Abraham MG, Rymer MM, Billinger SA. Use of accelerometers to examine sedentary time on an acute stroke unit. J Neurol Phys Ther. (2015) 39:166–71. doi: 10.1097/NPT.0000000000000092

 55. Lee IM, Shiroma EJ. Using accelerometers to measure physical activity in large-scale epidemiological studies: issues and challenges. Br J Sports Med. (2014) 48:197–201. doi: 10.1136/bjsports-2013-093154

 56. Loprinzi PD, Lee H, Cardinal BJ, Crespo CJ, Andersen RE, Smit E, et al. The relationship of actigraph accelerometer cut-points for estimating physical activity with selected health outcomes: results from NHANES 2003–06. Res Q Exerc Sport (2012) 83:422–30. doi: 10.1080/02701367.2012.10599877

 57. Vanhelst J, Béghin L, Drumez E, Coopman S, Gottrand F. BMC Med Res Methodol. (2017) 17:99. doi: 10.1186/s12874-017-0378-5

 58. Baumann S, Groß S, Voigt L, Ullrich A, Weymar F, Schwaneberg T, et al. Pitfalls in accelerometer-based measurement of physical activity: the presence of reactivity in an adult population. Scand J Med Sci Sport (2018) 28:1056–63. doi: 10.1111/sms.12977

 59. Bandmann E. Physical Activity Questionnaires: A Critical Review of Methods Used in Validity and Reproducibility Studies. (2008), Swedish School of Sport and Health Sciences

 60. Giggins OM, Clay I, Walsh L. Physical activity monitoring in patients with neurological disorders: a review of novel body-worn devices. Digit Biomarkers (2017) 1:14–42. doi: 10.1159/000477384

 61. Nightingale TE, Rouse PC, Thompson D, Bilzon JLJ. Measurement of physical activity and energy expenditure in wheelchair users: methods, considerations and future directions. Sport Med Open (2017) 3:10. doi: 10.1186/s40798-017-0077-0

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

Copyright © 2018 Schneider, Popp, Brogioli, Albisser, Demkó, Debecker, Velstra, Gassert and Curt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 13 December 2018
doi: 10.3389/fneur.2018.01059






[image: image2]

Snx27 Deletion Promotes Recovery From Spinal Cord Injury by Neuroprotection and Reduces Macrophage/Microglia Proliferation


Yuzhe Zeng1, Nawen Wang2, Tiantian Guo2, Qiuyang Zheng2, Shuang Wang1, Songsong Wu1, Xi Li1, Jin Wu1, Zhida Chen1, Huaxi Xu3, Xin Wang2,4* and Bin Lin1*


1Department of Orthopaedics, The Affiliated Southeast Hospital of Xiamen University, Orthopaedic Center of People's Liberation Army, Zhangzhou, China

2Fujian Provincial Key Laboratory of Neurodegenerative Disease and Aging Research, Institute of Neuroscience, College of Medicine, Collaborative Innovation Center for Brain Science, Xiamen University, Xiamen, China

3Neuroscience Initiative, Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA, United States

4State Key Laboratory of Cellular Stress Biology, Xiamen University, Xiamen, China

Edited by:
Giorgio Sandrini, University of Pavia, Italy

Reviewed by:
Igor Jakovcevski, Helmholtz-Gemeinschaft Deutscher Forschungszentren (HZ), Germany
 Marco Aurelio M Freire, University of the State of Rio Grande do Norte, Brazil
 Hari S. Sharma, Uppsala University, Sweden

* Correspondence: Xin Wang, wangx@xmu.edu.cn
 Bin Lin, linbin813@163.com

Specialty section: This article was submitted to Spinal Cord Medicine, a section of the journal Frontiers in Neurology

Received: 02 March 2018
 Accepted: 21 November 2018
 Published: 13 December 2018

Citation: Zeng Y, Wang N, Guo T, Zheng Q, Wang S, Wu S, Li X, Wu J, Chen Z, Xu H, Wang X and Lin B (2018) Snx27 Deletion Promotes Recovery From Spinal Cord Injury by Neuroprotection and Reduces Macrophage/Microglia Proliferation. Front. Neurol. 9:1059. doi: 10.3389/fneur.2018.01059



Sorting nexin 27 (SNX27) is an endosome-associated cargo adaptor that is involved in various pathologies and development of neurological diseases. However, the role of SNX27 in spinal cord injury (SCI) remains unclear. In this study, we found that SNX27 was up-regulated in injured mice spinal cords by western blot and immunofluorescence. A comparative analysis of Basso mouse scale (BMS), footprint test and corticospinal tract (CST) tracing in Snx27+/+ and Snx27+/− mice revealed that haploinsufficiency of SNX27 ameliorated the clinical symptoms of SCI. Based on the results of western blot and immunofluorescence, mechanistically, we found that SNX27 deficiency suppresses apoptotic caspase-3 induced neuronal death. In addition, SNX27 haploinsufficiency lowers the infiltration and activation of macrophage/microglia by suppressing their proliferation at the SCI lesion site. Together, these results suggest that down-regulation of SNX27 is a potential therapy targeting both acute neuronal death and chronic neuroinflammation, and promoting nerve repair after SCI.

Keywords: sorting nexin 27, neuroprotection, macrophage/microglia, functional recovery, spinal cord injury


INTRODUCTION

Spinal cord injury (SCI) is a traumatic event resulting in sensory, motor, and autonomic dysfunction and has direct impacts on the quality of life of affected individuals (1), pharmacological treatments for SCI are still very limited (2). In addition, secondary injuries (such as edema, ischemia, glial activation, neuroinflammation, and excitotoxicity) can further exacerbate the damage to the cord itself (3–5). However, the underlying mechanisms are still largely unknown, many factors could be involved in this process (6). Among these factors, excitotoxicity and neuroinflammation are two main mechanisms that cause the overall effects to the spinal cord (3).

Excitotoxicity is a kind of neuronal cell death caused by excessive activation of glutamate receptors due to increasing levels of extracellular glutamate at the lesion site. Additionally, the increased activation of NMDA receptors contributes to extensive spinal dysfunction. Previous studies show that neuronal death due to CNS injury can be decreased by down-regulation of NMDA receptors such as GluN1 and GluN2B (7, 8). Neuroinflammation responses involve inflammatory cell infiltration (such as neutrophils and macrophages), in addition to microglia activation. Together these cells release a large number of pro-inflammatory cytokines and neurotoxins leading to neuronal death, axonal interruption adjacent to the primary lesion, and hindered axonal regeneration (9–12). It has been shown that regulation of posttraumatic inflammation is required to improve functional recovery (13, 14), such as through depletion of macrophages (15) and delivery of anti-inflammatory chemicals to the spinal cord lesion site (16, 17). Therefore, SCI treatment strategies should not only focus on removal of injury factors but also need to suppress the excitotoxicity and the activation of macrophage/microglias (18–21).

Sorting nexin 27 (SNX27) is an endosome-associated cargo adaptor (22) that is involved in the development and pathologies of neurological diseases (23). SNX27-deficiency causes cognitive impairment and contributes to the pathologies of Down syndrome by regulating glutamate receptor recycling (24) and contributes to Alzheimer disease pathologies by controlling APP processing (25, 26). Furthermore, the contributions of SNX27 in a wide range of neurological diseases have been characterized ranging from infantile myoclonic epilepsy (27) and hydrocephalus (28), to drug addiction (29), and neuropathic pain (30). Together, these findings demonstrate the vital role of SNX27 in neurological disorders and neuropathic injuries such as SCI.

Despite its well-characterized roles in various neurological disorders, the role of SNX27 in SCI remains unclear. Previous studies show that nerve ligation induces allodynia related to elevated expression of SNX27 and knock down of spinal SNX27 ameliorates allodynia induced by spinal nerve ligation (30), suggesting a potential role of SNX27 in SCI. In this study, we took advantage of a compression model which clinically resembles SCI by fracture dislocations and burst fractures (31). We found that SNX27 was up-regulated in injured mouse spinal cords. SNX27 haploinsufficiency reduced neuronal loss and cleaved caspase 3, as well as the infiltration and proliferation of macrophage/microglia. Moreover, haploinsufficiency of SNX27 improved motor function recovery and corticospinal axon regeneration in Snx27+/− mice after SCI. These findings suggest that down regulation of SNX27 is a potential therapeutic target to overcome the two main obstacles to nerve repair after SCI.



MATERIALS AND METHODS


Animals

Snx27+/+ and Snx27+/− mice were generated by crossing heterozygotes in the C57BL/6 background and were bred in the Animal Center of Xiamen University. All mice used for experiments were females between the ages of 10 and 14 weeks (weight 20–25 g). Pairs of female Snx27+/+ and Snx27+/− mice were matched by age with maximum differences of 2 weeks (24). All mice were housed in a specific pathogen-free laboratory animal room and given access to a 12 h light-dark cycle in a 18~22°C facility, with free access to food and water. Snx27+/+ and Snx27+/− mice were randomly assigned into two groups: the sham group and SCI group, through a completely randomized digital table. Observers were blinded to the grouping and experimental design during data collection and analysis. The total number of animals has been summarized in Table 1.



Table 1. Summary of the total number of animals.

[image: image]






Antibody

The antibodies used were as follows: rabbit anti-mouse SNX27 (1:50, Thermo Fisher Scientific, #23025), rabbit anti-mouse Glial Fibrillary Acidic Protein, GFAP (1:500, WAKO, #Z0334), rabbit anti-mouse Ionized calcium-binding adapter molecule 1, Iba1 (1:250, DAKO, #019-19741), rabbit anti-mouse cleaved-caspase3 (1:800, Cell Signaling Technology, #9664S), mouse anti-mouse NeuN (1:400, EMD Millipore, #MAB377), rabbit anti-mouse β-actin (1:5,000, proteintech, #20536-1-AP), Alexa-fluor-488-conjugated goat anti-rabbit IgG (1:500, Thermo Fisher Scientific, #11034), Alexa-fluor-546-conjugated goat anti-mouse IgG (1:500, Thermo Fisher Scientific, #11081), HRP-conjugated goat anti-rabbit IgG (H + L) (1:10,000, Thermo Fisher Scientific, #31460), and HRP-conjugated goat anti-mouse IgG (H +L) (1:10 000, Thermo Fisher Scientific, #31430).



Compressive Injury and Surgical Procedures

The surgical procedures for SCI were described previously (32). After mice were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (15 mg/kg, i.p.), the T9 lamina was removed and a compressive injury to the spinal cord was inflicted with No. 5 Dumont forceps (Fine Science Tools) modified with a spacer making the maximal closure 0.4 mm, which was applied for 60 s. Surgeries were performed by a surgeon who was blinded to the group allocation. The incision was closed in layers. Postoperatively, 1 mL of saline solution was administered to prevent dehydration. The bladder was pressed 2 times per day until the bladder reflex was re-established. All animals were housed 3 per cage in a controlled environment on a 12/12-h dark and light cycle.



Behavioral Assessment

Basso Mouse Scale (BMS)

BMS, a standardized locomotor rating scale, was used to examine the motor recovery of injured animals (33). Before surgical procedures, mice were acclimated to the open field environment for 1 week. This rating scale assesses not only limb movement, stepping, and coordination, but also trunk stability in an open field. Animals with better locomotor recovery are given a higher score. The test was performed before the surgical procedures (day−1) and on days 1, 7, 14, 21, and 28 after the injury.

Footprint Test (33)

For footprint analysis, the hind paws were painted with black ink to record the walking pattern across a paper runway (3 × 30 cm) during continuous locomotion 4 weeks after the injury. The stride lengths and widths were measured and analyzed only when the mice ran at a constant velocity.

The data were collected by two researchers blinded to the experiment design.



BDA Tracing

Mice were anesthetized and placed on a rodent stereotaxic frame, and a midline incision was made to reveal the bregma. Four small holes in the skull were bored with a microdrill and biotinylated dextran amine (BDA, 10% solution in 0.1 M PBS, Invitrogen, D1956) was injected into the right motor cortex using a Hamilton syringe. Four injections of 0.5 μL were injected at a rate of 0.05 μL/min. The coordinates were as follows: 1.5 mm lateral, 0.6 mm deep, and 0.5 mm anterior; 0.0, 0.5, and 1.0 mm caudal to the bregma. The mice were sacrificed 14 days after BDA injection to visualize the corticospinal tract (CST) axons (34, 35).



BDA-Labeled Axon Counts

BDA-labeled axons were detected by application of Streptavidin-Alexa 488 (Thermo Fisher Scientific) in the sagittal section. The number of fibers was analyzed with a confocal microscope. BDA-labeled axons were quantified between the track end and the lesion site. The number of BDA labeled axons at different distances from the lesion center were quantified. BDA labeled axons were counted from five to seven adjacent sections per animal by a person blinded to the experiment design.



Histology

Anesthetized mice were transcardially perfused with ice-cold PBS (0.1 M; pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS. The thoracic area of the spinal cord was removed and cleaved into a 1 cm segment. The tissues were post-fixed in 4% PFA overnight followed by cryoprotection in 30% sucrose for another 48 h. Then, the tissues were embedded in OCT and serially sectioned into 15 μm slices with a Leica CM1860 Cryostat.



Immunohistochemistry

Before staining, spinal cord sections were dried at 60°C for 1 h, and then rinsed with 0.1 M PBS 3 times. After blocking in 5% goat serum, the sections were incubated with indicated primary antibodies at 4°C overnight. The next day, the slides were rinsed with 0.1 M PBS and incubated for 1 h in secondary antibodies. After rinsing with 0.1 M PBS, the sections were counterstained with DAPI and mounted with fluoromount G. Images were acquired by confocal fluorescence microscopy (Nikon Microsystems). All the measurements were made by a person blinded to this experiment design.



Immunoblotting

Animals were sacrificed and the spinal cord tissue was quickly dissected. A segment 0.5 cm long centered at the lesion site was removed. Tissues were lysed in RIPA lysis buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% sodium deoxycholate, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate), supplemented with protease inhibitors (Roche). Equal amounts of protein lysates were subjected to SDS-polyacrylamide gel electrophoresis, transferred to a PVDF membrane (EMD Millipore), and blotted with indicated antibodies. The protein levels were quantified by Image J software by a person blinded to the experiment design and the acquired data were normalized to β-actin.



Statistical Analysis

Statistical differences between groups were calculated with an unpaired two-tailed Student's t-test. Other analyses were performed using two-way analysis of variance (ANOVA) with Tukey's post-hoc multiple-comparison test as appropriate to the design. The variance similarity between samples was confirmed using t-tests. All analyses were conducted using GraphPad Prism software version 7.0. All data are presented as mean ± S.E.M.




RESULTS


Expression of SNX27 Is Up-Regulated in the Injured Spinal Cord

To assess the pathological function of SNX27 following SCI, we analyzed the expression of SNX27 in the spinal cord of sham and injured mice. Expression levels of SNX27 were significantly increased in the lesion sites of the SCI-group, but not the sham-groups at days 3, 7, and 14 after injury (Figure 1A). This up-regulation of SNX27 protein levels was detected on day 3 after SCI and reached its peak on day 7 post-injury (Figure 1B). Furthermore, immunofluorescence analysis indicated that SNX27 expression was strongly upregulated in SCI-groups compared to the sham-groups on day 7 post-injury (Figure 1C). Interestingly, the expression of SNX27 was particularly concentrated in the lesion site and was upregulated in the early stage of SCI, which suggests that SNX27 might have an impact on neuronal death and inflammation.
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FIGURE 1. Expression of SNX27 in the injured spinal cord and the identification of Snx27+/− mice. (A) Western Blot analysis of SNX27 and Iba1 levels in spinal cords from sham SCI treated mice. (B) Time course analysis of SNX27 expression at the SCI lesion site, n = 4 mice per time point. (C) Histological analysis of SNX27 expression in the spinal cords from sham and SCI mice 7 days post injury. Scale bar = 200 μm. (D) PCR genotyping of Snx27+/+ and Snx27+/− mice. (E,F) Western Blot analysis of SNX27 in Snx27+/+ and Snx27+/− mice. The results were represented as the mean ± SEM and data were evaluated by One-way ANOVA with Tukey post-hoc test, *p < 0.05, **p < 0.01. dpi, days post injury. CTX, Cortex; CB, Cerebellum; SC, Spinal Cord.





SNX27 Haploinsufficiency Promotes Functional Recovery After SCI

We investigate the roles of SNX27 in the pathogenesis of SCI using Snx27+/− mice, as homozygous knockout of SNX27 results in severe developmental retardation and early lethality in Snx27−/− mice, making it impossible to determine whether SNX27 influences functional recovery after SCI (24). The Tail DNA products from Snx27+/+ and Snx27+/− mice were genotyped by PCR (Figure 1D). Meanwhile, SNX27 protein expression in spinal cord, cortex and cerebellum of Snx27+/+ and Snx27+/− mice was evaluated by western blot analysis and we found a reduction of SNX27 expression (about 50%) in Snx27+/− mice compared to that in Snx27+/+ mice (Figures 1E,F).

To investigate the effects of SNX27 on motor recovery after SCI, footprint analysis, and open field locomotion tests were performed to objectively assess the functional improvements in Snx27+/+ and Snx27+/− mice at week 4 after SCI. The sham groups of both Snx27+/+ and Snx27+/− mice displayed normal functional outcomes. On day 1 post-injury, both genotypes displayed significant hind limb paralysis. However, most Snx27+/− mice showed consistent plantar stepping and consistent coordination (BMS score: 6 or 7) on day 28 post-injury. In contrast, Snx27+/+ mice had little to no coordination and rotated paw position (BMS score: 4 or 5) although they displayed frequent or consistent plantar stepping (Figure 2A). In contrast to Snx27+/+ mice, Snx27+/− mice exhibited longer stride length and width of the hind limb in footprint analyses at week 4 post-injury. Together, these data indicate that SNX27 is involved in functional disabilities of the spine and recovery of hind limb motor function, which was significantly improved in Snx27+/− mice after SCI (Figures 2B–D).
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FIGURE 2. SNX27 haploinsufficiency promotes functional recovery after SCI. (A) Evaluating functional recovery of Snx27+/+ and Snx27+/− mice after SCI using BMS scoring, n = 12. Scale bar = 1cm. (B) Representative images of footprint analysis 28 days post injury. (C,D) Quantification of stride width and stride length in the footprint analysis 28 days post injury, n = 12. Values are expressed as mean ± SEM, Data were analyzed using repeated measures ANOVA followed by Bonferroni's post-hoc test, *p < 0.05, ***p < 0.001.





SNX27 Haploinsufficiency Increases Axon Regeneration After SCI

Corticospinal tract (CST) growth is correlated with functional recovery after SCI (36). Therefore, we wondered whether SNX27 is involved in the recovery of CST after SCI. We injected biotinylated dextran amine (BDA) into the right sensorimotor cortex of mice to label the CST on day 28 post-injury and all mice were sacrificed after 2 weeks. The number of BDA+ nerve fibers crossing the compressive injury lesion site were quantified to evaluate functional improvement. In Snx27+/+ mice, most of the BDA+ nerve fibers retracted from the lesion site (Figure 3A). In contrast, Snx27+/− mice displayed vigorous regrowth of nerve fibers (Figure 3A′), with more continuous BDA+ axons traversing the lesion site and growing into the distal spinal cord about 0.8 mm to the caudal lesion site (Figure 3B′,C′). Quantification of the BDA+ axons of CST caudal to the lesion site showed that Snx27+/− mice had significantly more axons in the spinal cords 2 mm away from the lesion site than Snx27+/+ mice (Figure 3D). All these data imply that SNX27-deficiency might enhance corticospinal axon regeneration after SCI.
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FIGURE 3. SNX27 haploinsufficiency increases axon regeneration after SCI. (A) Overview of BDA-labeled nerve fibers (green) in horizontal sections of Snx27+/+ mice and Snx27+/− mice dorsal columns, ranging from rostral 1,500 μm (−1,500 μm) to caudal 2,000 μm (+2,000 μm) around the LC, Scale bar = 200 μm. R-C, Rostral–caudal; R-L, right–left. Dashed lines indicate the lesion center (LC). (B,B′,C,C′,D,D′) Higher magnification of the boxed areas in A. Arrowheads indicate BDA-labeled nerve fibers. Scale bar = 100 μm. (E) Quantification of BDA-labeled nerve fibers crossing the lesion site. n = 8 mice per genotype. Values are expressed as mean ± SEM and data were evaluated by One-way ANOVA with Tukey post-hoc test. **p < 0.01, ***p < 0.001. LC, Lesion Center.





SNX27 Haploinsufficiency Prevents Neuronal Death and Caspase-3 Activation After SCI

To determine the effects of SNX27 on neuronal survival after SCI, the number of NeuN-positive cells adjacent to the lesion site was counted on day 3 post-injury. Consistent with the behavioral data, there were more NeuN-positive cells adjacent to the lesion site in Snx27+/− mice compared with Snx27+/+ mice (Figures 4A,B).
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FIGURE 4. SNX27 haploinsufficiency prevents neuronal death and caspase-3 activation after SCI. (A) Representative images of the lesion center in the spinal cords from Snx27+/+ mice and Snx27+/− mice 7 days post injury, Scale bar = 200 μm. (B) NeuN+ cell quantification of the lesion center in the spinal cords from Snx27+/+ mice and Snx27+/− mice 7 days post injury, n = 4. (C) Western blot analysis of cleaved caspase-3 levels in the spinal cord of Snx27+/+ mice and Snx27+/− mice 3 days post injury. (D) Quantitative analysis of cleaved caspase-3 expression in the spinal cord of Snx27+/+ mice and Snx27+/− mice 3 days post injury, n = 4. Values are expressed as mean ± SEM and were evaluated by Student's independent sample t-test. *p < 0.05, **p < 0.01.



Caspase-3 is activated after SCI as a key execution in neuronal apoptosis (37, 38). To investigate the effect of SNX27 on apoptotic cell death after SCI, we tested for the presence of active cleaved caspase-3 after SCI in each group and found that the level of cleaved caspase-3 was indeed increased after SCI. However, cleaved caspase-3 was highly decreased in the SCI-Snx27+/− group compared with SCI-Snx27+/+ group (Figures 4C,D). Taken together, our results indicate that SNX27 haploinsufficiency confers neuroprotection possibly via decreasing activation of caspase 3.



SNX27 Haploinsufficiency Reduces Inflammatory Responses but Does Not Influence Gliosis After SCI

Increased glial fibrillary acidic protein (GFAP) expression is associated with scar formation, a secondary damage after SCI, and is an indicator of reactive gliosis. Sagittal sections were stained for GFAP to examine the pathological effects of SNX27 on lesion size and astrocyte reactivity after SCI. The lesion volume, of the GFAP-negative area, was comparable between Snx27+/+ and Snx27+/− mice on day 7 after SCI, but the GFAP-negative area was significantly smaller in Snx27+/− mice (Figures 5A,C). However, there was no difference in reactive astrocytes indicated by GFAP expression in the regions adjacent to the lesion sites between Snx27+/+ and Snx27+/− mice (Figures 5B,D,E).
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FIGURE 5. SNX27 haploinsufficiency reduces the size of lesion region without influencing gliosis after SCI. (A) Representative images of GFAP staining indicating the lesion region 7 days post injury, n = 6, Scale bar = 200 μm. Dashed lines indicate the lesion area. (B) Western blot analysis of GFAP in the spinal cord of Snx27+/+ mice and Snx27+/− mice 7 days post injury. (C,D) Quantification of GFAP-negative area (lesion region) and GFAP protein expression, n = 6. (E) Quantitative analysis of GFAP expression, n = 3. Values are expressed as mean ± SEM and were evaluated by Student's independent sample t-test. **p < 0.01.



Macrophage/microglia activation contributes to the development of secondary injury after SCI. Therefore, we analyzed the expression pattern of Iba1, a marker for macrophage/microglia activation and accumulation, in the spinal cord of SCI mouse models. Increased number of round and amoeboid-like Iba1+ cells (activated macrophage/microglia) have been observed in the injured boundary zone and lesion center, but the Iba1+ cells in the non-injury site remained ramified (quiescent macrophage/microglia). In addition, we found that Snx27+/− mice had reduced Iba1 density in the injured boundary zone of the spinal cord compared with Snx27+/+ littermates (Figures 6A,A′,D), but had no difference in the zones of the lesion center (Figures 6B,B′) or the non-injury sites on day 7 post-injury (Figures 6C,C′). Expression of Iba1 was 5- to 6-fold higher in injured spinal cords compared with sham tissues in both groups (Figures 6E,F). However, Snx27+/− mice had significantly reduced Iba1 upregulation than Snx27+/+ mice. These results indicate that SNX27 haploinsufficiency suppresses inflammatory responses but not scar formation after SCI.
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FIGURE 6. SNX27 haploinsufficiency reduces the activation of macrophage/microglia in the injured spinal cord. Top, Overview of Iba1-positive cell in horizontal sections of Snx27+/+ mice and Snx27+/− mice dorsal spinal columns, ranging from rostral 1,500 μm (–1,500 μm) to caudal 1,500 μm (+1,500 μm) around the LC. n = 6. Scale bar = 200 μm. R-C, Rostral–caudal; R-L, right–left. Dashed lines indicate the lesion center. Below, Higher magnification of the different zones: the lesion centers (A,A′); the injury boundary zones (B,B′); the non-injury zones (C,C′), Scale bar = 50 μm. Arrowheads indicate the quiescent and activated microglia. (D) Quantification of Iba1 density. (E) Western blot analysis of Iba1 expression in the spinal cords from Snx27+/+ mice and Snx27+/− mice 7 days post injury. (F) Quantitative analysis of Iba1 expression, n = 4. Values are expressed as mean ± SEM and data were evaluated by One-way ANOVA with Tukey post-hoc test. *p < 0.05, ***p < 0.001.





SNX27 Haploinsufficiency Suppresses the Proliferation of Macrophage/Microglia After SCI

SNX27 haploinsufficiency suppresses inflammatory responses but not scar formation after SCI, implying that SNX27 might be involved in the proliferation of microglial/macrophage cells that migrate toward and infiltrate the lesion site. Therefore, double immunostaining for Iba1 and Ki67, a cellular marker for proliferation (39), was performed in sagittal sections of the spinal cords on day 7 post-injury. In contrast to Snx27+/+ littermates, Snx27+/− mice exhibited fewer Ki67+ cells in the lesion site (Figure 7A), indicating that SNX27 haploinsufficiency suppresses the proliferation of cells in injured spinal cords. Furthermore, fewer cells positive for both Iba1 and Ki67 was observed in the lesion site of Snx27+/− mice following SCI, compared with those in Snx27+/+ littermates (Figure 7B). Therefore, SNX27 haploinsufficiency suppresses proliferation of macrophage/microglia following SCI.
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FIGURE 7. SNX27 haploinsufficiency suppresses the proliferation of macrophage/microglia after SCI. (A) Immunohistological analysis of horizontal spinal cord sections from Snx27+/+ mice and Snx27+/− mice 7 days post injury using antibodies against Iba1 and Ki67 in horizontal sections. Arrowheads indicate Ki67+Iba1+ cells. (B) Quantification of Ki67+Iba1+ cells at the area which is ranging from rostral 400 μm (−400 μm) to caudal 400 μm (+400 μm) around the LC, n = 3. Values are expressed as mean ± SEM and were evaluated by Student's independent sample t-test. **p < 0.01.






DISCUSSION

SNX27, an endosome-associated cargo adaptor, is involved in developmental and neurological diseases, such as Down syndrome, Alzheimer's disease, infantile myoclonic epilepsy, hydrocephalus, and neuropathic pain (24–26, 30). Previous reports found that SNX27 is involved in neuropathic pain in a mouse spinal nerve ligation model (30). However, before our study, the physiological function of SNX27 in SCI has not been investigated. For the first time, we determined the roles of SNX27 in SCI, which will extend our understanding the functional regulation of SNX27 in spinal cord injury.

In this study, we found that SNX27 expression starts to increase on day 3 and reached the plateau on day 7 after SCI (Figure 1B). Moreover, we found that the expression of SNX27 was markedly upregulated around the lesion site where the necrotic neurons and activated microglia/macrophage emerged after spinal cord injury (Figure 1C). These results suggest that SNX27 is associated with neuronal death and neuroinflammation, and may function in the early stage of SCI. Furthermore, we investigate the physiological function of SNX27 in SCI using Snx27+/− mice since that loss of Snx27 results in severe neuronal death and early lethality in Snx27−/− mice. We have found that SNX27 haploinsufficiency elevated corticospinal axon regeneration from the caudal area to the lesion area (Figure 3) and improved functional motor recovery after SCI (Figure 2), suggesting that SNX27 may have an effect on functional recovery after spinal cord injury.

Previous studies have shown that down-regulation of NMDA receptors, such as GluN1 and GluN2B, contributes to reduction of neuronal death due to CNS injury, but is accompanied by side-effects (7, 8). Moreover, SNX27-deficiency decreased glutamate receptor recycling to the post-synaptic surface (24). Therefore, we put forward the hypothesis that deficiency of SNX27 might protect neurons from Glutamate-induced excitotoxicity in SCI damage by reducing the surface expression of NMDA receptors. We found that SNX27 haploinsufficiency significantly promoted neuronal survival adjacent to the lesion site and reduced expression of apoptotic cleaved caspase-3 after SCI (Figure 4). This indicates SNX27 haploinsufficiency protects neurons from SCI-induced apoptotic cell death and possibly by blocking NMDA receptor activation.

A sequential inflammatory cascade is initiated after spinal cord injury (40), microglia and astrocyte, two types of glial cells reside in the spinal cord are likely contributors. They can be activated to various degrees after spinal cord injury (41, 42). Although there are different functional states of macrophage/microglia activated after SCI, treatments aimed at anti-inflammatory pathways have been a mainstay of pre-clinical SCI research for many years (43). Macrophage/microglia that infiltrate in the injured area can secrete inflammatory factors such as TNFα, IL-1, IL-6, aggravating neuronal damage and cavity formation, while suppressing neurogenesis and axonal regeneration (36, 44). In the days following the initial damage to the spinal cord, secondary damage continues in the tissue surrounding the original site of injury, spinal cavity (GFAP-negative) formed and enlarged gradually with reactive astrocytes surrounded it, which are exacerbating neurological defects (41, 45). Proliferation of astrocytes at the early stage of SCI can limit migration of the immune cells toward the injured spinal cord (3). However, over time, astrocytes produce extensive glial scarring, which restricts the regeneration and extension of axons (3). Consistent with previous reports, we found that there were more macrophage/microglia infiltrating in the spinal cord of Snx27+/+ mice compared with Snx27+/− mice (Figure 6). Moreover, the lesion site (GFAP-negative) was significantly smaller in Snx27+/− mice, although there was no difference in astrogliosis between Snx27+/+ and Snx27+/− mice (Figure 5). SNX27 haploinsufficiency reduced the number of infiltrating Iba1+/Ki67+ cells (newborn microglia/macrophage) in the lesion sites after SCI (Figure 7). Thus, SNX27 haploinsufficiency suppresses the inflammatory response by inhibiting the macrophage/microglia proliferation after SCI, but SNX27 has no effect on astrogliosis in this SCI model.



CONCLUSION

In summary, our findings demonstrate a pathological function of SNX27 in spinal cord injury by increasing neuroinflammation and neuronal apoptotic death. The details of the underlying mechanism deserve further scrutiny.
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Background: Alzheimer's disease (AD) and dementia are chronic diseases with progressive deterioration of cognition, function, and behavior leading to severe disability and death. The prevalence of AD and dementia is constantly increasing because of the progressive aging of the population. These conditions represent a considerable challenge to patients, their family and caregivers, and the health system, because of the considerable need for resources allocation. There is no disease modifying intervention for AD and dementia, and the symptomatic pharmacological treatments has limited efficacy and considerable side effects. Non-pharmacological treatment (NPT), which includes a wide range of approaches and techniques, may play a role in the treatment of AD and dementia.

Aim: To review, with a narrative approach, current evidence on main NPTs for AD and dementia.

Methods: PubMed and the Cochrane database of systematic reviews were searched for studies written in English and published from 2000 to 2018. The bibliography of the main articles was checked to detect other relevant papers.

Results: The role of NPT has been largely explored in AD and dementia. The main NPT types, which were reviewed here, include exercise and motor rehabilitation, cognitive rehabilitation, NPT for behavioral and psychological symptoms of dementia, occupational therapy, psychological therapy, complementary and alternative medicine, and new technologies, including information and communication technologies, assistive technology and domotics, virtual reality, gaming, and telemedicine. We also summarized the role of NPT to address caregivers' burden.

Conclusions: Although NPT is often applied in the multidisciplinary approach to AD and dementia, supporting evidence for their use is still preliminary. Some studies showed statistically significant effect of NPT on some outcomes, but their clinical significance is uncertain. Well-designed randomized controlled trials with innovative designs are needed to explore the efficacy of NPT in AD and dementia. Further studies are required to offer robust neurobiological grounds for the effect of NPT, and to examine its cost-efficacy profile in patients with dementia.

Keywords: Alzheimer's disease, dementia, non-pharmacological intervention, rehabilitation, caregiver, interprofessional team


INTRODUCTION

Dementia represents one of the major health problems in elderly individuals, with progressive deterioration of cognition, daily activity functioning and behavior that together lead to disability. Worldwide, approximately 40 million people over 65 years suffer from dementia, and 70% of them are affected by Alzheimer's disease (AD) that represents the most diffuse type of dementia. The incidence of dementia increases with age, which is the most important risk factor. Therefore, the prevalence of AD is expected to increase in the future, in parallel with the progressive aging of the population. In the European Union, the most reliable estimates forecast dementia cases to overcome 15 million in 2020 (1–3). Moreover, the improved life conditions in developing countries will lead to increased life expectancy, and therefore to higher incidence of dementia (4).

No disease-modifying treatment has been demonstrated to be effective in AD. Cholinesterase inhibitors and memantine, which are the only commercially available symptomatic drugs, may improve cognitive and behavioral outcomes, but their clinical impact remains modest and controversial (5–7). Despite research has been focused on the early [i.e., mild cognitive impairment (MCI) with biological evidence of AD] or preclinical stages of the disease, and new disease-modifying treatments have been tested to reduce the supposed pathophysiological changes of AD (i.e., amyloid deposition), no significant clinical effect has been achieved, to date (8).

Because of the limited efficacy of current pharmacological therapy and with the knowledge that caring for people with AD and dementia requires the involvement of a large number of professionals (e.g., psychologists, occupational therapists, etc.) and caregivers to offer a comprehensive and individualized management, research focused on non-pharmacological treatment (NPT). NPT may improve function, independence, and quality of life (QoL) in agreement with the International Classification of Functioning, Disability and Health (ICF) (9), is non-invasive, safe and has few side effects (10). NPT encompasses a wide range of interventions to improve patients' symptoms, reduce the stress of caregivers, and ameliorate the environment. NPT is based on different methodologies, ranging from simpler (e.g., environmental interventions) to complex approaches (e.g., virtual reality, home automation) (11). These interventions are not aimed to influence the underlying pathophysiological mechanisms but to maintain function and participation as long as possible, as the disease progresses, thus reducing disability and improving patient's and caregiver's QoL. However, a direct effect of NPT on cognition through neural plasticity/adaptation cannot be excluded in early disease stages.

The present narrative review summarized evidence on NPTs for AD and dementia. Because of the large bulk of data on this topic, we focused on the main NPT strategies. We did not report and discuss data on NPT in MCI, an intermediate state between intact cognition and dementia (12), because of the large number of studies that would have required a paper apart.



SEARCH STRATEGY

PubMed and the Cochrane database of systematic reviews were searched for studies published from 2000 to 2018 with a search string including the following terms: Alzheimer's disease, dementia, behavioral and psychological symptoms, non-pharmacological, intervention, therapy, exercise, motor, rehabilitation, neurorehabilitation, cognitive, training, stimulation, occupational, psychological, psychotherapy, multicomponent, multidimensional, complementary and alternative medicine, aromatherapy, music therapy, art therapy, massage and touch, technology, information and communication, assistive device, domotics, virtual reality, gaming, serious games, telemedicine, related terms, and MeSH. Only papers written in English were considered. The bibliography of the main articles (reviews, systematic reviews, meta-analyses) was also checked to detect other relevant papers.

In consideration of the great heterogeneity of interventions that are classified as NPT and of the variety of outcome measures reported in the different studies, this work was not conceived as a systematic review of the literature, but as a narrative one to provide a useful tool for clinicians on the state of the art of NPT in dementia.



EXERCISE AND MOTOR REHABILITATION

A growing amount of evidence suggests that a healthy lifestyle can reduce the risk of cardiovascular diseases (13, 14), osteoporosis, diabetes, and depression (15). A number of prospective cohort studies suggested that a regular physical activity may enhance cognitive function and reduce the risk of AD and other dementias and delay their onset or progression (16–24). A recent paper derived from the population-based Mayo Clinic study of aging on 280 MCI patients showed that moderate intensity midlife physical activity was significantly associated with a decreased risk of incident dementia (25). Regular physical exercise is recommended to all older adults, and indeed to those at increased risk of AD, as it may improve physical health, reduce frailty, lower the risk of depression, improve cognitive function in the short and long term (26–31).

Conversely, the evidence on the protecting role of short-term, single-component physical activity interventions seems to be largely insufficient (32).

Exercise has been documented to improve physical health and well-being (33), to reduce behavioral and psychological symptoms of dementia (BPSD) (34–36), and to enhance performance in the activities of daily living (ADL) (37, 38) in patients with AD or dementia.

A Cochrane review including 17 randomized controlled trials (RCTs) confirmed the positive effect of exercise programs in reducing the progression of dependence in ADL in people with dementia but showed limited evidence of benefit for the remaining outcomes (i.e., cognition, BPSD, QoL, depression, mortality, caregiver burden, and use of healthcare services) (39). This finding is of some relevance because preserving functional independence in ADL is critical for improving the QoL of people with dementia and their caregivers and delaying institutionalization.

The exercise interventions explored in dementia include a variety of training methods (e.g., aerobic exercise, resistance training or weightlifting, balance, and flexibility training), and the physical/motor outcome measures were quite different across studies (e.g., chair stand tests, timed up and go, timed walking tests). Comparative studies to explore the most effective exercise intervention, the amount of exercise, the most sensitive and significant outcome, and the role of physical activity in different patients' groups are needed.

According to animal models, a number of mechanisms may mediate the effects of exercise on brain and cognition (40). It has been suggested that exercise may improve vascular health by reducing blood pressure (41, 42), arterial stiffness (42), oxidative stress (43), systemic inflammation (44), and enhance endothelial dysfunction (45), all of which are associated with better cerebral perfusion (46, 47). Exercise may also preserve neurons and promote neurogenesis, synaptogenesis, (48–50), and neuronal plasticity (51–55).

Imaging studies in aging people confirmed the positive association between physical activity and gray matter volume. Both aerobic fitness and coordinative exercises was associated with reduced brain atrophy in the frontal and temporal regions and the hippocampus, all areas that are critical for higher cognitive function (56–58). A recent review on the association between fitness, physical activity and gray matter volume showed that both cross-sectional studies and randomized interventions consistently suggested a change in the size of prefrontal cortex and hippocampus after moderate intensity exercise in elderly people (59).

Neurotrophins, in particular the brain-derived neurotrophic factor, may be the common pathway of these mechanisms, may mediate the exercise-driven brain responses and can drive neuronal plasticity, improve cognition, and protect neurons against insult (60–63).

Future studies aimed to identify lifestyle, behavioral and/or biologic factors that may increase the likelihood of successful brain aging would help implementing preventive intervention to reduce age-related brain atrophy and consequently the risk for cognitive decline.

Conversely, the effect of physical exercise on other biological measures of AD pathology, such as cerebrospinal fluid biomarkers is still unclear (64, 65), and further studies are needed on this topic.



COGNITIVE INTERVENTION

Cognitive intervention is currently the NPT that has been better explored in dementia and represents the most robust alternative and/or complement to pharmacological treatment. Cognitive intervention is typically classified as cognitive stimulation (CS), cognitive training (CT), and cognitive rehabilitation (CR) (66). CS refers to a broad range of activities (i.e., reality orientation therapy, reminiscence therapy) aimed to enhance the general cognitive and social functioning of the individual (67). While CS consists in a global approach to arouse all cognitive domains, CT focuses on a particular cognitive function (e.g., attention, memory, executive functions, language) through a set of standard tasks to improve or maintain—as is the case for neurodegenerative diseases—its normal functioning as long as possible. CR refers to a tailor-made approach which sets realistic goals to help patients and their families in everyday life. To achieve these aims, the CR therapist may choose a restorative or a compensative approach (68).

Even though the distinction between CS, CT, and CR is clear, the literature on cognitive interventions is, to some extent, confused. These terms are often used interchangeably, even if they refer to distinct approaches with a different rationale. Moreover, CR has been rarely used in dementia, because it may be difficult to apply in this condition. For these reasons, our review will focus on studies exploring CS or CT for people with dementia.

CS is currently the intervention with the most robust evidence. Several studies reported an improvement of general cognitive functioning in patients with mild-to-moderate dementia after CS sessions of variable length (69–74). A recent meta-analysis showed that CS has a moderate effect size on the Mini Mental State Examination (75) and a small effect size on the Alzheimer's Disease Assessment Scale-cognitive subscale (76), which represent two commonly-used general cognitive functioning outcomes, in patients with dementia (73). There are still few data on the efficacy of CS on other outcomes, such as mood, behavioral symptoms, QoL, and well-being. However, preliminary results indicate that CS may improve QoL and well-being of caregivers of people with AD and dementia (69, 70, 74).

The evidence on CT for people with dementia is less robust. A recent systematic review indicated that CT may improve patient's performance in trained tasks and similar exercises but has no consistent effect on everyday functioning (77). Most RCTs showed no effect of CT on other outcomes, but their low quality impede any solid conclusion (70–72, 74, 77).

Some studies documented the association of CS and CT did not result in better outcomes than single interventions (73, 74).

The Cognitive Stimulation Therapy (CST) was proposed as a structured and methodologically sound CS protocol (78, 79). CST is currently considered the evidence-based NPT of choice for the cognitive symptoms of mild-to-moderate dementia of any etiology, including vascular one (80–83). Moreover, CST is at present, the only one for which international RCTs consistently demonstrated significant improvements to cognition and QoL, using the same CST program which has been culturally adapted using standardized guidelines. CST involves 14 or more sessions of themed activities, usually related to tasks including money use, word games, word association, object categorization, current affairs and famous faces, and is typically run twice weekly (78). Each CST session is aimed to stimulate cognitive abilities and social relationships with other members and operators (78, 79). Several studies suggested the area of major CST efficacy in people with mild-to-moderate dementia is general cognitive functioning, but some cognitive areas, namely memory, orientation and language comprehension seems to be those with larger improvement following CST in an open study (84).

Several issues (e.g., health or mobility problems, services not offering this treatment) could undermine the participation of patients with dementia to CST groups (85) and the interest for individualized CST (iCST) is increasingly growing (85, 86). However, a recent RCT showed that a home-based iCST program had neither effect on cognition and QoL of patients with mild-to-moderate dementia, nor on QoL of their caregivers (87). The reasons for this negative finding might include the lack of additional stimulation from participation in a group social context and the difficulty for the caregiver to administer the iCST program in the proper way, being not professional, and because of the difficult relationship with the person with dementia.

In conclusion, while the CST program—a precise technique with a specific manual and training—has a robust evidence-based body of data, the high heterogeneity in terms of duration of treatment, length, and number of single sessions and severity of dementia impede any definite conclusion on the efficacy of other CS and CT interventions (73).



NON-PHARMACOLOGICAL MANAGEMENT OF BEHAVIORAL AND PSYCHOLOGICAL SYMPTOMS OF DEMENTIA

Behavioral and psychological symptoms of dementia, i.e., the so-called BPSD, are characterized by alterations of perception (hallucinations, misidentification), thinking (delusions), mood (depression, anxiety, apathy), and behavior (aggression, agitation, disinhibition, wandering, socially or sexually inappropriate behavior) (88), being highly prevalent in all types of dementia, i.e., 50–80% in AD, >80% in fronto-temporal dementia, 50–70% in Lewy body dementia and vascular dementia (89, 90). BPSD may occur in all stages of AD, and even in people with MCI, but there is no agreement on the possible relationship with disease evolution. Indeed, although some studies showed that the prevalence and severity of BPSD increase with dementia severity, other reports suggest they are more frequent in the moderate AD stages, and diminish with disease progression (89, 90). Factors that may influence BPSD occurrence include premorbid personality, younger age, poor education, depression, high burden, concurrent medical conditions, and drugs. Environmental factors such as noise, overstimulation, isolation, inadequate temperature, change of routine, as well as inappropriate relationship between patient and caregiver (e.g., communication style, body language) or the inability of the patient to express his needs, may all trigger BPSD (91).

BPSD represent the most frequent cause of institutionalization and drug prescription, increase patient's disability, worsen patient's and caregiver's QoL, contribute to increase costs, but their influence on cognition is unclear (92).

According to consensus papers based on expert opinion and systematic revision of RCTs, the general principles for BPSD management include the following steps: symptoms evaluation (i.e., type, entity, frequency), recognition and treatment of possible organic causes or triggering factors, NPT, pharmacological therapy, educational, and psychological support for the caregiver (93–96).

Considering the limited evidence and concerns on the safety of drug treatment (94–99), all guidelines agree that individualized and person-centered NPT are the first-line treatment for BPDS and the use of a pharmacological strategy should be considered only later, using the least harmful drug for the shortest time.

Some theoretical models have been proposed to explain the role of non-pharmacological approaches to BPSD (100). The progressively lowered stress threshold (PLST) model suggests that, with disease progression, people with dementia experience increasing vulnerability to stress and external stimuli because of the environmental demand. According to the PLST model, minimizing environmental demands that exceed functional capacity, and regulating activity and stimulation levels throughout the day can reduce agitation. According to the competence-environmental press (CEP) model, the highest individual functioning results from optimal combinations of environmental conditions and personal competencies. The CEP model suggests that the right balance between individual ability and external environmental demands results in adaptive behaviors, while excessive or reduced environmental activities may result in BPSD. Both models suggest that BPSD can be reduced or managed by modifying environmental factors that place too much demand or pressure on the patient.

A different approach is provided by the need-driven, dementia-compromised behavior (NDB) that conceptualized BPSD as the result of the combination between the inability of the caregiver to understand patient's needs and the inability of the patient to express them. Therefore, BPSD may represent patient's attempts to express physical or emotional distress due to unmet needs. According to this model, NDB are induced by both background (i.e., cognitive, neurological, health, and psychosocial variables) and proximal factors (i.e., environmental and situational issues such as pain, fatigue, and noise); while background factors are quite stable, proximal ones are modifiable and represent the target for the interventions (101, 102).

The number of reports and reviews on the efficacy of NPT of BPSD has increased in recent years. Most studies have been performed in nursing homes on patients with advanced dementia. The interventions range from sensorial to psychological and behavioral approaches, and include environmental redesign, validation therapy, reminiscence therapy, light therapy, aromatherapy, massage and other sensory-based strategies, acupuncture, music therapy, pleasant events and activity engagement, behavioral management techniques, caregiver training (70, 99, 103–107). Potential benefits of these interventions have been documented, but the strength of evidence is overall low and the great heterogeneity in terms of type of intervention, follow-up duration, type of outcome measures hamper comparison across studies. In particular, there are no conclusive results for validation and reminiscence therapy, the effectiveness of light therapy is not clear, aromatherapy is better than no treatment. The small body of evidence for other sensory interventions, such as massage and touch therapy, suggests they could be viable treatment options, especially given the ease of implementation and minimal training involved. No effect has been documented for acupuncture and transcutaneous electrical nerve stimulation. Music therapy and behavioral management techniques seem to cause a short-term reduction of BPSD, but long-term efficacy is unclear.

In general, no conclusions can be drawn on the safety of these NPT, because this feature is largely unexplored (103). Some reports indicate the NPT to BPSD to be potentially cost-effective (70, 99, 106), but further research is needed on this point.

Factors that may predict a better response to these interventions include a higher level of cognitive functioning, fewer difficulties in ADL and communication, and relative preservation of speech, while staff barriers and pain are associated to worse outcome (108).

Independently from the results, all studies underline the relevance of a tailored individualized intervention and a careful and close monitoring of the outcomes to ameliorate and modulate the treatment (109, 110). Since pain and discomfort may cause difficulties in communication and self-management, and contribute to BPSD, these factors should be carefully searched and treated (111, 112).

In our opinion, the type of setting of interventions is an important point, as it may influence aims of the treatment and outcomes. The majority of studies on BPSD have been performed in nursing homes, where different health professionals (i.e., physicians, psychologists, nurses) are involved, and they may interact to offer a better outcome (111). In contrast, as caregiver is often the only figure that manage patients' BPSD at home, future studies should address the role of NPT for BPSD in non-institutionalized people with dementia (106).



OCCUPATIONAL THERAPY

Disease progression reduces the ability to participate in occupations—mainly ADL, IADL, leisure and social activities—in patients with dementia, leading to a negative impact on QoL and well-being of patients and caregivers (113–117). Therefore, improving and preserving ADLs is one of the most important patient-related outcome in dementia (118).

To increase functional abilities and enhance independence, occupational therapy (OT) uses a combined approach including activity simplification, environmental modification, adaptive aids, problem-solving strategies, skill training, and caregiver education (119, 120), according to the bio-psycho-social model of health proposed by the ICF (116). An RCT on patients with mild-to-moderate dementia living in the community showed that a multimodal OT approach, including cognitive and behavioral interventions to train patients to compensate for cognitive impairment and caregivers to cope with patients' abnormal behavior, was effective in improving ADL and in reducing caregiver's burden with effects lasting for up to 12 weeks (121). A review including seven RCTs showed that OT interventions may maintain physical function and ADL in community-dwelling persons with dementia (105, 122).

OT seems also effective in reducing BPSD, increasing patient's participation, improving physical performance, and QoL and reducing negative communication (123–129). These positive results have been confirmed in a recent review that showed OT interventions based on sensory stimulation, environmental modification and functionally oriented tasks, to be effective in improving BPSD and depression in dementia (130). Among environment-based interventions, ambient music, aromatherapy, and Snoezelen (i.e., a soothing and stimulating multisensory environment) were modestly effective in reducing agitation, but they did not have long-term effects, while the evidence to support bright light therapy for mood and sleep disorders was only preliminary (131).

An evidence-based review suggested that patient-centered leisure activities that involve social interaction may enhance caregiver satisfaction with visits for residential patients, while interventions focused on ADL and IADL may ameliorate patients' well-being and QoL. Social participation interventions, mainly involving people in the early or middle stage of the disease when verbal competence is still fairly spared, were shown to have at least short-term positive effect on patient's well-being (132).

Gitlin and collaborators proposed a 4-month structured home occupational therapy intervention, the Tailored Activity Program (TAP), that provided persons with dementia with activities tailored to their abilities, while caregivers were trained to effectively use these activities in daily life and to generalize them to different settings (133). Besides being effective in reducing caregiver burden, in that caregiver had significantly more free time, TAP was demonstrated to be highly cost-effective (123).

Some general considerations have been issued on OT: (a) programs should be tailored to elicit the patient's highest level of retained skill and interest; (b) cues for assisting people with AD to complete tasks should be short and provide clear direction; (c) compensatory strategies in the form of environmental modifications and simple adaptive equipment should be specifically tailored to the specific needs of single patients; (d) caregiver training and involvement are essential in implementing individualized programs (134).

OT is recommended by several guidelines for dementia management (135–137). The recently published clinical practice guidelines and principles of care for people with dementia in Australia reported important evidence-based recommendations for occupational therapists, based on the most updated high-quality evidence (138). However, well designed RCTs are lacking on this topic and often the studies use different approach, lacking specificity. Therefore, more research is needed to identify specific OT components and the optimal dosage of the intervention and to evaluate the long-term effects and the contraindications of OT in patients with dementia.

Subtle functional changes in highly cognitively demanding activities have been reported in individuals in the early stage of the disease, suggesting that, similarly to cognition, function declines along a continuum from healthy aging to dementia (139–141). Incorporating more challenging and high-level activities into the assessment of patients with early dementia may increase the sensitivity of functional measures, thus enabling early detection of impairment and expanding the window for timely OT interventions (142). These points may represent directions for future research on this topic.



PSYCHOLOGICAL THERAPY

In recent years, the growing awareness of the deep emotional impact of the diagnosis of dementia and of the need of a holistic and individualized approach to the disease, has led to a rising interest on the psychological care for persons with dementia (143).

Actually, experiencing depression and anxiety is very common in people with dementia, even if there is a lack of consensus on their prevalence rates as diagnostic criteria may vary among studies (144–147). All studies agree that depression and anxiety may have significant functional impact. Consistent evidence suggests that, in people with dementia, the severity of depression increases the severity of neurological impairment, institutionalization (148, 149), and caregiver burden (150), while anxiety is associated with decreased independence and increased risk of nursing home placement (151).

Although different from each other, depression often co-occurs with apathy. Apathy, which is defined as a loss or diminution of goal-directed behavior, cognition or emotion (152) is one the of the most common neuropsychiatric symptom in AD, with a prevalence ranging from 19 to 88% (153). Even if symptoms like social withdrawal or reduced initiation and motivation may occur both in apathy and depression, true apathy is usually not associated with depressive symptoms, such as sadness, guilt, or hopelessness (154). The presence of apathy seems to be related to greater caregiver burden, faster functional impairment, reduced QoL and increased morbidity, being a reliable longitudinal predictor of death in people with dementia (155–157).

Many recommendations underscored that the treatment of anxiety and depressive symptoms should be an essential part of the management of AD and other dementias (93, 152, 153) and suggested that psychological interventions could be effective for these patients (158). However, empirical evidence supporting the efficacy of psychological interventions is rather sparse (159), mainly because a broad group of interventions that are termed as psychological ones have been included in reviews (160, 161), but actually are not based on well-defined theory-driven psychological interventions.

According to the World Health Organization, cognitive behavioral therapy, psychodynamic therapy, interpersonal therapy, and supportive counseling (i.e., Rogersian person-centered therapy) are the main psychotherapeutic approaches with evidence of effectiveness in treating depression and anxiety in adults (162). Studies that have adopted one of these approaches have been included in a recent systematic review on psychological interventions for anxiety and depression in dementia or MCI (six RCTs, psychological treatment: n = 216 patients, usual care or placebo intervention: n = 223) (163). The Authors concluded that there is evidence that psychological interventions added to usual care can reduce symptoms of depression and clinician-rated anxiety in dementia and that psychological interventions have the potential to improve patient's well-being, while no effect was found on ADL, self- and caregiver-rated patient's QoL, BPSD, cognition, or caregivers' self-reported depressive symptoms (163).

A recent systematic review concluded that the strongest evidence supported the use of short-term group therapy soon after dementia diagnosis to reduce levels of depression and enhance QoL, while tailored and multi-component interventions seemed to reduce inappropriate behaviors in patients living in nursing homes with mild-to-moderate levels of impairment (164).

Systematic reviews indicated a variety of NPTs (e.g., one-to-one activities, activity programs tailored on patients' preferences, individualized cognitive rehabilitation, music therapy, art therapy) as potentially effective and safe in reducing apathy, although none of them is strictly a psychological intervention (165, 166).

Overall, the proposed psychological approaches were methodologically heterogeneous, some of them lacked specificity and conceptual clarity and often the description of the interventions was quite generic. Moreover, most studies included patients in the first stage of dementia, because cognitive decline prevents the understanding and feasibility of psychological therapy in advanced stages.

In conclusion, the current evidence for psychological support and psychotherapy in AD and dementia is limited and not conclusive. Therefore, further studies are needed to demonstrate which psychological interventions may lead to better outcome and to identify common factors across different approaches that may be effective in enhancing well-being of persons with dementia.



MULTICOMPONENT AND MULTIDIMENSIONAL STRATEGIES

The proposal of multidimensional protocols of treatment is based on the hypothesis that combining different approaches may be the most suitable intervention to improve different outcomes in AD. An Italian group developed the Multidimensional Stimulation Therapy (MST), a multidimensional approach that combined cognitive stimulation, recreational activities, OT and physical exercises, and demonstrated that MST was more effective than a cognitive-specific intervention in improving both behavioral and functional outcomes in AD patients (167, 168). A recent fMRI study suggested restoration of neural functioning as the mechanism underlying the positive effects of MST (169).

Similarly, the Meeting Centers Support Program (MCSP), a supportive person-centered approach for mild-to-moderate dementia patients living in the community and their caregivers was implemented in the Netherlands. MCSP is based on the combination of recreational activities and psychomotor therapy for patients, psico-educational and support groups for caregivers, social activities for both, and regular center meetings (170). MCSP yielded promising results in terms of user satisfaction, reduction of patients' behavioral and emotional disturbances, decrease of caregivers' burden and delayed institutionalization (170–173). A study exploring the dissemination and implementation of MCSP to different European countries is currently ongoing (174).

Actually, some systematic reviews demonstrated that multicomponent interventions were more effective than single activities in improving general well-being of both persons with dementia and their caregivers (70, 175), and in hospitalized older adults with cognitive impairment (176, 177).

As dementia represents a complex disease with cognitive, psychological, functional and behavioral symptoms, the adoption of multicomponent approaches may represent a winning strategy, in agreement with the biopsychosocial model of care, upon which any rehabilitative intervention is founded. The encouraging results obtained so far suggest further studies in this area of research.



COMPLEMENTARY AND ALTERNATIVE MEDICINE

Complementary and alternative medicine (CAM) has become more commonly used over the last decade and has been applied to a wide range of health problems, including dementia. We will report evidence on the main CAM types, i.e., aromatherapy, music therapy, art therapy, massage, and touch. These NPTs are part of the main category of sensorial stimulation techniques, i.e., interventions aimed to promote the arousal of the patients' senses (178).



AROMATHERAPY

Among CAM, aromatherapy is probably the most familiar to consumers. Aromatherapy is part of phytotherapy and is based on the use of pure essential oils from fragrant plants to relieve health problems and improve QoL. The potential effects of essential oils are varied, including promotion of relaxation and sleep, relief of pain (179), reduction of depressive symptoms. Aromatherapy might be a useful intervention for people with cognitive disturbances, who are confused, or for whom verbal interaction is difficult and current conventional medicine provides only partial benefit (180). Indeed, aromatherapy has been used to address BPSD (181–186) and sleep disturbances (187–189) and to stimulate motivational behavior (190). A meta-analysis identified only seven RCTs and concluded that the benefits of aromatherapy for people with dementia are equivocal, mainly because of severe methodological problems (191). Therefore, the effects of aromatherapy in this condition should be better explored in high-quality RCTs.



MUSIC THERAPY

Music therapy (MT) can be defined as an NPT that uses music or sound as a non-verbal communication tool to induce educational, rehabilitative or therapeutic effects in several disease, including dementia. Music-based interventions can be conducted in single patients or in group, and they most consist of singing, listening, improvising or playing along on musical instruments (192). We can therefore classify MT in active and passive interventions. Since most studies on MT included both active and passive techniques, which type of intervention can be more effective in dementia is still unclear (193).

There is substantive literature reporting the importance and benefits of music and music therapy programs for older adults, and more specifically for those with dementia (194–199). Neurophysiologic and psychological data provide the theoretical basis for the use of music therapy. Studies showed that sound can exert a significant action on the brain (200–204) by activating a large number of cortical and subcortical areas, and, particularly, the limbic and paralimbic areas devoted to emotional processing (205). From a psychological point of view, music facilitates communicative and relational processes and emotional expression (206). Moreover, since music can stimulate both motor and cognitive functions, it can be an efficient tool for rehabilitation (207). A growing amount of evidence shows that patients with dementia can enjoy music, and their ability to respond to music is potentially preserved, even in the late to severe stages of disease when verbal communication may have ceased. Several studies reported the efficacy of music to treat BPSD (208–213), to enhance communications, relational processes and participation (199, 214–216), and to maintain or increase cognitive functions (217–222). However, reviews on this topic pointed out the methodological limitations and the scarce quality of previous studies and questioned the specificity of the effect of music that was found to be no more beneficial than other pleasant activities (223, 224).

A recent meta-analysis concluded that a music-based therapeutic intervention probably reduces depressive symptoms but has little or no effect on agitation or aggression, emotional well-being or QoL, overall behavioral problems and cognition in dementia, while effects on anxiety or social behavior, and long-term effects are unclear (192).

A recent RCT found that music therapy added to pharmacotherapy yielded no further benefits for language and verbal communication in comparison to pharmacotherapy alone, but this integrated approach could improve the psycho-behavioral profile (225).

In conclusion, the question whether music may have specific effects in patients with dementia is still open. Future studies should employ larger sample sizes, include all important outcomes, in particular positive ones, such as emotional and social well-being, and examine the duration of the effect in relation to the overall duration of the treatment and the number of sessions (192, 226).



ART THERAPY

The British Association of Art Therapists defines art therapy as “a form of psychotherapy that uses art media as its primary mode of communication” and underscored that (a) clients who are referred to an art therapist need not have experience or skill in art; (b) the art therapist is not primarily concerned with making an aesthetic or diagnostic assessment of the client's image; (c) the overall aim of its practitioners is to enable a client to change and grow on a personal level through the use of art materials in a safe and facilitating environment” (227).

Whether art therapy can be useful and may represent an effective rehabilitative strategy for people suffering from dementia is a debated issue (228, 110). It has been suggested that patients with dementia can produce and appreciate visual art and that aesthetic preference can remain stable, despite cognitive decline (229).

Case reports, observational studies, small trials and anecdotal evidence suggest that art therapy can engage attention, provide pleasure, and improve BPSD, social behavior, and self-esteem, contributing to the individual sense of well-being in dementia, and that these effects may be long-lasting (230–243). However, few high-quality studies have been performed so far on this topic, and there is too little empirical evidence to prove the effectiveness of this type of CAM. Therefore, RCTs with adequate methods and appropriate outcomes are needed to support the efficacy and define optimal conditions for the use of art therapy in dementia.



MASSAGE AND TOUCH

Massage and touch have been suggested as a CAM or supplement to other treatments to reduce a range of conditions associated with dementia. Evidence suggests that massage and touch may relax older people with dementia, reduce some BPSD, such as pacing, wandering and resisting care, improve appetite, sleep and communication problems, and, to some extent, counteract cognitive decline (244–250).

Massage seems to produce different physiological effects such as a decrease in pulse and respiration and an increase in body temperature (251). Physiological models suggest that the effects of massage may be mediated by the production of oxytocin that can reduce discomfort, agitation, blood pressure and heart rate, and improve mood. On the other hand, psychological models suggest that massage can help people with dementia to retain a sense of meaningful and reassuring communication even when words fail and may help to activate memories (252).

A recent meta-analysis of 11 RCTs showed that massage and touch interventions may have significant effect on physical non-aggressive, verbal aggressive and non-aggressive behavior, but the relatively small sample size and the low quality of the included studies do not allow to draw a firm conclusion on the effect on BPSD or any useful suggestion for clinical practice (253).

As for other CAM types, RCTs of better methodological quality are needed to provide evidence supporting the benefit of massage and touch in dementia.



NEW TECHNOLOGIES

The availability of new technologies, their diffusion and, for some of them, the relatively cheap price, resulted in a progressively larger number of studies exploring their role in dementia. We will briefly summarize evidence on the application of information and communication technologies (ICT), assistive devices, domotics, virtual reality, gaming and telemedicine to monitor, and treat people with dementia.



ICT, ASSISTIVE DEVICES AND DOMOTICS

Recent technological advances in ICT, including computational devices, robotics, machine learning algorithms, miniaturization of sensors and technologies, as well as the reduced costs of these devices increased the availability of intelligent devices and technology-embedded environments to support the daily life of persons with dementia and their caregivers, and to assess disease severity and progression (254–256). Nowadays, devices and sensors can be integrated into the patient's environment as part of a “smart” or automated home, or in the patient's clothes to offer healthcare professionals a much clearer view of the patient's condition and activity than that available from short periods of monitoring in a clinical setting (257). In particular, ICT allows continuous monitoring of patient's performance and actions in real time and real-life situations (258–260).

Moving freely outdoors is considered an important ADL outcome associated with the ability to maintain independence and participation. The development of technologies, which allow people with dementia to stay outdoors in a safe and secure way, is considered a priority research area. Therefore, tracking technologies that record the position of the patient based on global positioning system (GPS), and can localize him/her if lost is the most developed area of ICT research in dementia (261–265). Tracking technology devices can promote perceived safety and security among caregivers and relatives of people with dementia (266), in that they can locate the patient at any moment and represent a precious support in everyday life (263, 267). Many studies in this area focused on the perspective of relatives and/or healthcare staff, but only a limited number of them explored the experience of people when wearing a GPS tracking technology (259, 262, 268, 269).

Another application of ICT is represented by devices that can be used for surveillance and management of high-risk behaviors and may replace more severe forms of physical restraints (270–272). Acoustic sensors placed in the living room or bedroom can record noise, or patient's movement. Cameras or GPS devices can also be used to allow caregivers or staff to take actions when the patient is in a potentially dangerous condition, without restricting freedom of movement. Furthermore, patients can wear a chip in their clothes to give them access to certain parts of the building, while preventing them to move to other forbidden or dangerous areas (266).

However, the application of surveillance technologies to the care of people with dementia led to considerable ethical debate. Indeed, opponents of this approach claim that the continuous monitoring may represent a breach of patient's privacy and freedom and argue that tracking devices may diminish human contact between patients and the environment (273). A systematic review on the ethical and practical concerns of surveillance technologies in residential care for people with dementia concluded that there is no consensus and underlined the need for clearer policies on this topic (274). A recent descriptive review showed that a significant portion of current intelligent assistive technology is designed in the absence of explicit ethical considerations, and this may represent a structural limitation in the translation from designing labs to bedside (275). The Authors called for a coordinated effort to proactively incorporate ethical considerations early in the design and development of new ICT products (275).

ICT has also been applied to monitoring and prevention of falls in dementia. Body-worn gyroscopes measuring angular velocity, sensors to measure the acceleration of the trunk, and inertial sensors may detect when a fall occurs, along with the causes of the fall (276–279). Among non-wearable systems cameras, motion sensors, microphones and floor sensors have been applied to this aim (280, 281). Information obtained by accelerometers contained in a wristband may result in vibratory and visual feedback to increase the patient's awareness of their risk of falling (282). Similarly, a shoe insole that delivers vibration may prevent falls and improve gait and balance. Research projects are currently exploring how exoskeletons can correct and assist postural balance and improve overall function. Technology will hopefully provide many more options for assessment, prevention, and intervention in this area of health care (283).

Video and audio analysis techniques, computerized testing and actigraphy, besides being useful to promote patients' safety, may represent promising tools to improve functional and cognitive assessment of patients with AD (256). For instance, automatic speech analysis techniques through computerized speech recognition interfaces could represent a non-invasive and cheap method to collect information on verbal communication impairment in patients with cognitive disorders (284). Video processing technologies can be adopted to obtain pragmatic, ecological, and objective measures to improve assessment of ADL, and to provide additional information that cannot be gathered in a clinical setting (285).

ICT can be used for the assessment of agitation, one of the most challenging symptoms to manage for caregivers (286, 287). A core feature of agitation is excessive motor activity, and accelerometers can objectively measure abnormal motor activity, speech analyses may assess verbal aggression, and automated video analysis and activity recognition techniques can detect activities and movement sequences that underline physical aggression (288). Sensors measuring electrodermal activity could early detect agitation in persons with dementia. These devices could theoretically support nursing staff in recognizing early warning signs of BPSD, but further studies in a clinical setting are needed to confirm this hypothesis (289).

Overall, this is a challenging domain for clinicians, who should define the clinically relevant markers, and for ICT engineers, who should adapt the technical constraints to the clinical requirements.

Assistive technologies can support and facilitate disabled people in ADL (290). For instance, external cueing systems can assist people with cognitive disabilities by reminding them to perform a task at the appropriate time (e.g., take their pills), or by providing guidance through a task (291–293), and sensors recording a patient's position in space may help in navigation through environment (294). Moreover, assistive technologies may help to support decision-making in vocational and personal health domains (295), to read (296), or use the telephone (297).

Domotics is another important field of research, because nearly three quarters of older adults with dementia are cared for in their own homes (298), and there is a strong correlation between home environment and disability-related outcomes (299). Dementia-specific adapted home environment and related assistive devices may be helpful for both the patient and the caregiver (300–302). Changes to home environment may result in lack of familiarity for the patient, and earlier home modifications might enable individuals with dementia to adjust to their adapted environment (303).

Future smart homes will incorporate intelligent interfaces embedded in everyday objects, such as furniture, clothes, vehicles, and smart materials to observe the residents and provide proactive services (304). One of the key-supporting features of a smart home is the ability to monitor the ADL and safety of people, and to detect changes in their daily routines. With the availability of inexpensive low-power sensors, radios, and embedded processors, smart homes may be equipped with large amounts of networked sensors, which collaboratively process and make deductions from the acquired data on the state of the home, and the activity and behavior of its residents (305–310). Therefore, the smart home technology seems to be a promising and cost-effective way of improving home care for people with dementia in a non-obtrusive way, allowing greater independence, maintaining good health, preventing social isolation, and relieving the workload from family caregivers and health providers (311).

The data on domotics are encouraging but some factors, e.g., the accessibility and affordability of these devices and the limited caregiver's awareness of their availability and utility, may prevent a more widespread use of these technologies (312).

In conclusion, ICT applications are rapidly expanding to support assistive and clinical tasks in people with dementia, but structural limitations to successful adoption include partial lack of clinical validation and insufficient focus on patient's needs. Clinicians and stakeholders involved in the implementation and management of dementia care across ICT applications should collaborate to facilitate the translation of medical engineering research into clinical practice (313).



VIRTUAL REALITY AND GAMING

Virtual reality (VR) allows a user to navigate through, and interact with, a virtual environment that is a 3D digital space generated by computing technology and consisting of objects or entities seemingly “real” because they share at least one attribute of the real thing, without sharing all of its physical characteristics (e.g., volume, weight, surface friction) (314). The potential applications of VR systems to assess and train AD patients has been reported by several studies (315–320). Cognitively impaired patients can be exposed to computer-generated virtual environments, where they can safely perform quasi-naturalistic real-life activities and tasks to assess and/or treat cognitive and motor deficits under a range of conditions that are not easily controllable and quantifiable in the real world (321). The most specific domains for VR diagnostic and training purposes in AD patients include attention (322), executive functions (323–326), memory (327–333), orientation (322, 327, 334–336), and ADL (337, 338). Research is currently focusing on the design of VR based tests aimed to be more ecological and sensitive compared to common pen-and-paper tests. A recent study proposed a novel AD screening tests based on virtual environment and game principles to evaluate memory loss for common objects and recent events, and language changes (339).

The advantages of VR in comparison to traditional assessment and training tools are represented by the naturalistic situations, the safety from potential dangers that could occur in real-life situations and the enhancement of motivation because of its gaming, interactive, and immersive quality. For these reasons, computer-driven simulations of real-life environments can bridge the gap between traditional test outcomes and compensatory strategies that are transferable to daily life.

Since most of the evidence on the role of VR come from single case reports or to restricted samples, the debate on its role in patients with dementia is still open.

In this scenario, serious games (SG), i.e., interactive virtual simulations to represent real situations, otherwise hardly reproducible, allow the player to act in a real-life-like environment, or a fictitious scenario that serves as a gym for deliberately decontextualized learning. SG are widely recognized as promising non-pharmacological tools to assess patient's cognition and function (340, 341), and to treat, stimulate, and improve patient's well-being (342). Boosted by the publication of a Nature letter showing that video game training can enhance cognitive control in older adults (343), SG specifically adapted to people with AD have been developed and employed to train physical and cognitive abilities, showing preliminary but encouraging results (341, 344–348).

A recent literature review concluded that game-based interventions can positively affect both physical health by improving balance, gait and voluntary motor control and cognitive function by enhancing attention, memory, and visuo-spatial abilities in older adults and in patients with dementia (349). Both physical and cognitive games seem to have a positive impact on social and emotional function, improving mood and increasing positive affect and sociability (350).

Since the use of SG in neurodegenerative disorders is expanding, recent studies have provided recommendations in terms of ergonomic choices for their design, and to create customize SG specific to the target users (351). Considering that the actual recommendations are gathered from a relatively small group of experts working in the domain of SG for health, further work is needed to verify if they hold true for a wider expert population, and their applicability to patients.

On the basis of these preliminary data, clear evidence on the effectiveness of VR and SG for the assessment and training of people with AD requires further research that should adopt methodologies based upon best practices from clinical trials and incorporate behavioral and neurophysiological data.



TELEMEDICINE

Technology provides new opportunities for interventions to improve quality and access to health care. Since dementia is a chronic disease, with issues related to continuous long-term care and limited accessibility to medical service, telemedicine could be a valuable mean to provide assessment and care to dementia patients at home (352). Indeed, telemedicine can provide follow-up care to help people with dementia to maintain their independence and continue living in their own homes, improve their safety, (353, 354), ameliorate clinical outcomes, and reduce access to health services (355, 356). Moreover, likely because of the reduction of the discomfort due to travel, telemedicine was found to be an independent predictor for increased treatment duration (357). Telemedicine appears to be very promising and effective in the context of dementia assessment, especially in countries, such as the USA, where there are several rural retirement communities that are still medically underserved. A recent study conducted in a Southern California community showed not only that telemedicine was able to improve access and quality of dementia care, but also that most of the patients preferred the telemedicine consult compared to the traditional one (358).

Several studies confirmed the feasibility to perform cognitive assessment via telemedicine in elderly subjects with dementia and showed a good agreement with conventional face-to-face testing, and a high level of user satisfaction (359–362). However, since data are still preliminary, there is no consensus on the best practices for conducting neuropsychological assessment by telemedicine (362).

Besides the diagnostic evaluation and follow-up monitoring, telemedicine interventions for dementia include internet-based information and support groups, robotic companions, the use of smartphones to report symptoms (258, 363, 364), and cognitive rehabilitation training (365).

Telemedicine has been applied to support caregivers of people with dementia through in-home video monitoring and recording and feedback to help managing difficult situations (366). Telephone-based support groups is a promising way to provide support for caregivers, but research is only at the beginning (367). A systematic review on technology-driven telemedicine interventions, such as online training and support programs, for caregivers of persons with dementia concluded that included studies yielded positive findings in terms of mental health outcomes, but their marked heterogeneity impeded robust conclusions (368).

Overall, establishing systems for the care of dementia patients and their caregivers using telemedicine technologies seems to be feasible, but the evidence on clinical benefits is still scarce, cost-effectiveness data are lacking, and there is very little evidence of widespread practical applications (369).



LIMITATIONS OF THE STUDY

The main limitation of the present review is its narrative design, but a systematic one would have not been feasible because of the larger number of studies on NPT in AD and dementia. Another limitation is the use of two search engines, only (i.e., PubMed and the Cochrane database of systematic reviews). Searching in other databases (e.g., Embase, PsycINFO, Web of Science) would have yielded more pieces of literature, but it has been suggested that MEDLINE, which is completely covered by PubMed, may produce a sufficiently extensive coverage (370). A study comparing 15 databases for RCTs on CAM showed low overlap between databases and indicated that comprehensive CAM literature searches will require multiple databases (371) but this appear a minor problem in the present review because of the overall low quality of studies on CAM interventions.



CONCLUSIONS

Appropriate management of patients with AD and dementia is a significant public health concern, given the limited effectiveness of pharmacological therapies combined with their potentially life-threatening side effects. The development of effective NPT for these conditions is of paramount importance, and a large number of interventions has been proposed.

The interventions reviewed in this paper show different level of evidence of efficacy on different outcomes that are summarized in Table 1. Some of them share methodological problems that are common to all non-pharmacological studies, which are typically practice-oriented. They include small number of high-quality studies or double-blind RCTs, small sample sizes, heterogeneity in terms of study design, type of intervention and outcomes, uncertainty about the clinical significance of outcomes. The landscape of clinical trials has changed since the introduction of randomization 80 years ago, and new challenges in their design, conduction, and interpretation have emerged. Evidence-grading systems are biased toward RCTs, and they may lead to understatement of findings from non-RCT studies (372). The direct transposition of the traditional methods of drug RCTs to the rehabilitation and NPT scenarios raises some issues, and innovative trial designs would be helpful in these settings. Moreover, cost-effectiveness studies are needed to better address the role of NPT for dementia.



Table 1. Summary of the level of evidence, main positive outcomes, and limitations of the non-pharmacological treatment for Alzheimer's disease and dementia.
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Background: People living with Mild Cognitive Impairment (MCI) and Vascular Cognitive Impairment (VCI) are persons who do not fulfill a diagnosis of dementia, but who have a high risk of progressing to a dementia disorder. The most recent guidelines to counteract cognitive decline in MCI/VCI subjects suggest a multidimensional and multi-domain interventions combining cognitive, physical, and social activities. The purpose of this study is to test an innovative service that provides a multi-dimensional tele-rehabilitation program through a user-friendly web application. The latter has been developed through a participatory design involving MCI specialists, patients, and their caregivers. Particularly, the proposed tele-rehabilitation program includes cognitive, physical, and caregiver-supported social activities. The goal is to promote and preserve an active life style and counteract cognitive decline in people living with MCI/VCI.

Methods:The study is a randomized controlled trial. Sixty subjects will be randomly assigned to the experimental group, who will receive the tele-rehabilitation program, or the control group, who will not receive any treatment. The trial protocol comprises three steps of assessment for the experimental group: at the baseline (T_0), after tele-rehabilitation program (T_1) and at follow-up after 12-months (T_2). Differently, the control group will be assessed twice: at the baseline and at 12-months follow-up. Both the experimental and the control group will be assessed with a multidimensional evaluation battery, including cognitive functioning, behavioral, functional, and quality of life measures. The tele-rehabilitation program lasts 8 weeks and includes cognitive exercises 3 days a week, physical activities 2 days a week, and social activities once a week. In addition, group will be given an actigraph (GENEActiv, Activisinghts Ltd., Cambridgshire, UK) to track physical and sleep activity.

Discussion:Results of this study will inform on the efficacy of the proposed tele-rehabilitation to prevent or delay further cognitive decline in MCI/VCI subjects. The expected outcome is to counteract cognitive decline and improve both physical functioning and quality of life.

Ethics and Dissemination:The study is approved by the Local Ethics Committee and registered in https://clinicaltrials.gov (NCT03383549). Dissemination will include submission to a peer-reviewed journal, patients, and healthcare magazines and congress presentations.

Trial Registration: ClinicalTrials.gov ID: NCT03383549 (registration date: 26/dec/2017)

Trial Funding: Bando FAS Salute 2014 Regione Toscana

Version Identifier: ver 5—16/11/2018

Keywords: mild cognitive impairment, vascular cognitive impairment, cognitive training, tele-rehabilitation, web application


INTRODUCTION

Cognitive aging can be successful or lead to impairment depending on the interplay of a manifold of influencing factors. Among these factors, we can count genetic markers, cardiovascular status, neural functional plasticity mechanisms, as well as social, cognitive, and psychological status (1). Within unsuccessful aging paths, the balance between these factors orients toward Mild Cognitive Impairment (MCI) or Vascular Cognitive Impairment (VCI). Mild cognitive impairment (MCI) is a syndrome defined as a cognitive decline which is greater than expected for individual's age and education level but that does not interfere notably with activities of daily life (2). Since his definition in 1999 (3), MCI has been considered the transitional status between normal aging and the diagnosis of a mild dementia (4). MCI is consistently shown to have a high risk of progression to dementia (2, 5) and a pronounced risk of disability and loss of autonomy (6, 7). In addition, cerebrovascular disease that causes brain infarctions becomes more common with advancing age and represents a risk factor for the further development of vascular dementia (8, 9). The construct of VCI, a high-risk phenotype for the development of vascular dementia, has been introduced to capture the entire spectrum of cognitive disorders associated with all forms of cerebral vascular brain injury. There is evidence that about one third of dementia cases globally are attributable to potentially modifiable risk factors that include different daily habits (10, 11). Furthermore, in the study of successful aging compared to the pathological one, the fundamental role that the environment plays in counteracting cognitive decline through the activation of neuro-plasticity mechanisms for the recovery of alternative pathways has been demonstrated (12). Within a holistic framework, the adoption of an appropriate habits alongside cognitive training and enhancement activities can therefore activate brain compensation mechanisms to tackle the physiological and pathological neurodegeneration processes of the elderly, keeping the cognitive level high. On the one hand, there is rising evidence that cognitive training programs are effective in improving or at least maintaining cognitive performance and slowing the progression from MCI or VCI to mild dementia (13, 14). On the other hand, the importance of an intervention that takes into account, beside cognition, also of motor aspects in pre-clinical conditions and in the early stages of dementia has been highlighted (15). To maintain physical abilities and counteract the damage caused by the general physiological decline in the elderly, the adapted physical activity (APA) program has been recognized as an effective tool (16). Furthermore, from a holistic point of view, although social stimulation is often neglected in interventions, recent studies observed that being engaged in social activities represents a protective factor against cognitive decline (17). Therefore, promoting support from the caregivers in social activity participation has been recommended to retain the present abilities and sense of well-being in the persons with cognitive impairment (18). In line with this perspective, the most recent guidelines for the management of MCI/VCI suggest the importance of promoting multidimensional and multi-domain interventions. A multi-dimensional training program integrates different activities, such as the physical and the cognitive one. In addition, the latter could be multi-domains, including exercises that stimulate multiple cognitive domains (i.e., memory, attention, processing speed) (3, 7, 19). Finally, there is evidence that mental, physical, and social stimulation activities equally contribute to decrease dementia risk (20). How to include these activities in a feasible and sustainable rehabilitation service and how to deliver the latter to people living with MCI/VCI, still remains a debated issue. The advancement in technology has enhanced the possibility to provide remote tele-rehabilitation services through low-cost devices, that can ensure continuity of care and can easily reach people living in geographical remote areas. In fact, this kind of services supplies distant support, information exchange between patients and their clinical providers and promotes the administration of multi-dimensional activity programs (21, 22). The lack of familiarity with the technologic devices may constitute a limit to the implementation of technology enhanced services to supply a home-based tele-rehabilitation in people with advanced age or early cognitive impairment (23). For this reason, the development of an accessible service represents a design priority. The use of a participatory co-design process that follows an iterative development model might help in overcoming this limitation (24). The main aim of the proposed trial is to test the performance of a multi-dimensional tele-rehabilitation customized program, which contents are available by a user-friendly web application developed through a participatory design (involving patients, clinicians, technicians, and caregivers). The presented study would investigate whether subjects living with MCI/VCI condition participating in the tele-rehabilitation program will show improvements in cognition, quality of life, adherence, and engagement in the program with respect to subjects living with MCI/VCI condition of the control group.



METHODS AND ANALYSIS


Study Design

The proposed study is a randomized controlled clinical trial. A Consolidated Standards of Reporting Trials (CONSORT) flow diagram for enrollment and randomization in the GOAL study is showed in Figure 1. Subjects that, at the first screening will be deemed as eligible, according to the inclusion criteria, will undergo a baseline assessment (T_0). During the baseline a general cognitive and physical evaluation will be performed by using the scales, tests and questionnaires reported in the Participant's evaluation sub-paragraph. Participants will be then randomly assigned, through the use of a computer algorithm (http://www.graphpad.com/quikcalcs/randMenu/) to the control or treatment group. The tele-rehabilitation program will comprise the performing of cognitive exercises 3 days a week, APA activities 2 days a week, and social activities once a week. In addition, treatment group will be given an actigraph (GENEActiv, Activisinghts Ltd., Cambridgshire, UK) to track physical and sleep activity. Those subjects will undergo a post-training assessment immediately at the end of the tele-rehabilitation program (T_1) and after 12 months (T_2). Participants belonging to the control group will be evaluated only at T_2.


[image: image]

FIGURE 1. CONSORT flow diagram. Consolidated Standards of Reporting Trials (CONSORT) flow diagram for enrollment and randomization GOAL study.





Eligibility Criteria/Participants

Participants will be recruited from the Memory Clinic of University Hospital of Careggi (Florence, Italy), and the Don Carlo Gnocchi Foundation (Florence, Italy). Inclusion criteria will be the following: (a) diagnosis of MCI due to Alzheimer's Disease (AD), according to “Research Clinical Criteria” (25) or diagnosis of Vascular cognitive impairment (VCI) according to the harmonization standards from National Institute for Neurological Disorders and Stroke and the Canadian Stroke Network (8) (Table 1); (b) Mini Mental State Examination (MMSE) ≥24 (26); (c) aged 65–80 years old; (d) school attendance ≥3 years (to avoid both cultural bias and limits due to the neuropsychological instruments used); (e) right-handed according to the Edinburgh Scale (27). Exclusion criteria will be: (a) severe auditory and/or visual loss; (b) severe behavioral/psychiatric disturbances; (c) actual or anamnestic substance abuse disorder; (d) cognitive disturbances secondary to an acute or general medical disorders (e) stable medication of the following pharmacological treatments: cholinesterase inhibitor, memantine, antidepressant, or antipsychotic drugs.



Table 1. Criteria for MCI/VCI classification.
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Participants' Evaluation

Participants will be assessed through an extensive evaluation including cognitive functioning, behavioral, functional and perceived quality of life measures with the following tests (Table 2):

• The Montreal cognitive assessment [MoCA; (28)], which represents a sensitive tool in persons with MCI for a general cognitive assessment;

• The Digit span and the Corsi span tasks (backward and forward) (29), to assess both verbal and visuo-spatial short-term memory and working memory;

• The Free and Cued Selective Reminding Test [FCSRT; (30)] -Delayed Free Recall (DFR) and Immediate Free Recall (IFR) for verbal episodic memory evaluation;

• The Rey Complex Figure Test, copy and delayed recall [RCFT; (31)], to evaluate constructional skills, visuographic memory and some aspects of planning and executive function;

• The modified card sorting Test, short version [MCST; (32)] for the assessment of executive functions;

• The Trail Making Test [TMT; (33)] for the assessment of attention and -executive functions;

• The Stroop test, short version (34), to assess selective attention, cognitive flexibility and sensitivity to interference;

• The Semantic and Fonemic fluencies (35, 36) or the assessment of language skills;

• The Activities of Daily Living Inventory [ADCS/ADL; (37)] to assess patient's performance in the basic and instrumental activities of daily living.

• The center for Epidemiological Studies Depression scale [CES-D; (38)] to evaluate both the presence and the entity of depressive symptoms;

• The 36-Item Short Form Survey [SF-36; (39)] to assess the subjective perceived quality of live;

• The cognitive Reserve Index questionnaire [CRIq; (40)] for the evaluation of the cognitive reserve;

• The Short physical performance battery [SPPB; (41)], to measure functional status and physical performance;

• The Harvard Alumni Activity Survey [HAAS; (42)], to assess physical activity level;

• The International Physical Activity Questionnaire – Short Form [IPAQ; (43)], for health related physical activity evaluation.



Table 2. Evaluation battery during the proposed trial.
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Tele-Rehabilitation Program

On the basis of literature, the present protocol is designed aiming at affecting patients' on different domains in line with a holistic approach to promote well-being: cognition, motor skills, and social environment. The cognitive module integrates a collection of brain training exercises from BrainHQ, a third-party platform developed by Posit Science, that makes available Serious Games (SGs) for multidomain stimulation. The proposed SGs are adaptive type, i.e., the difficulty varies in relation to the user performance and becomes more demanding through both reductions in stimulus display duration and increases in task complexity. Difficulty is maintained immediately over the user comfort threshold, which according to several studies, efficaciously stimulates the neural plasticity (44–46). Cognitive activities are meant to reinforce attention, brain speed, memory, people skills, intelligence, and navigation. The physical module includes a training program of APA exercises (16), delivered through a guided video. Regular participation in an APA exercise program has been previously associated with improved self-rated health and improved mood (47). The proposed exercises aim to train trunk, upper, and lower limbs and are designed to require only: a chair, a gym-stick, two small bottles of water and a resistance band, to be performed. Each module comprises a warming-up, a strengthening and a stretching session, with a level of difficulty (basic and advanced) adjusted according to participants' training level and physical capabilities (e.g., participants with reduced ability in mobilizing the upper limbs may have a customized program comprising advanced/basic exercises only for the lower limbs and vice versa). Social level is addressed with the involvement of caregivers and patients in some leisure activities. The caregiver module includes suggestions of social activities to be carried out with the caregiver during the weekend, such as watching a movie, gardening, cooking etc. At the beginning and at the end of daily activity, participants are asked to fill a questionnaire on their self-perceived physical/emotional status.



GOAL-App Architecture

A web-application, named GOAL-App, has been specifically designed to implement a weekly tele-rehabilitation program consisting of combined cognitive, physical and social activities (to be performed with the caregiver), according to the clinician indications. Scheduling and monitoring of activities are accessible by the GOAL-App administrator (Figure 2). Each activity is implemented in the three independent modules on cognition, motor skills and social level. The first realized web-app prototype was developed further through a series of design and feedback loops with MCI specialists, patients living with MCI and VCI and their caregivers. Thanks to this participatory design the following critical aspects emerged and were addressed:

- The need for a full screen interface with a few number of large buttons;

- The possibility to pause the physical module to take breaks during the exercises, if needed;

- The need for a user-manual and a Support Service Center for technical problems.
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FIGURE 2. WebApp interface and its functional architecture.



Patients, provided with a tablet, will access the final version of the tele-rehabilitation program through the GOAL-App. Before the beginning of the treatment, participants will be trained to use the tablet autonomously at their home. During the training sessions participants, with the support of their caregivers, will go through each module of the program, at least once, until they feel familiar with the use of the device. A mobile wifi router will be provided in case participants don't have access to internet connection. In addition, they will be given a kit, made up of a stick and a resistance band, to perform the physical exercises at home.



Outcomes Measures

As the aim of this program will be to involve the participants in multidimensional activities to counteract cognitive decline, the primary outcome of this study will be the changes of cognitive domains evaluated (such as general cognitive assessment, memory, attention, and executive functions, visuospatial/constructional ability, and language) of the whole sample through a comprehensive neuropsychological assessment at T_0 and at T_2 (see Table 2 for a detailed list of the used neuropsychological tools). Together with the cognitive level, the following secondary outcomes will be evaluated in the whole sample at T_0 and T_2: independence, presence of depressive symptoms, quality of life and physical activity level through scales and actigraphic data (see Table 2 for the used questionnaires). In addition, the primary and secondary outcomes will be evaluated in the treatment group before and after the tele-rehabilitation program using a reduced battery of tests (see Table 2).



Sample Size

Sample size has been estimated based on previous multicenter controlled studies (21, 48). Under the assumption of normal distribution of the primary outcome scores and considering an α level of 0.05, a sample size of 60 subjects resulted in a power >70% and was then chosen for this trial.



Data Collection

Assessments will take place at the Don Carlo Gnocchi Foundation (Florence, Italy). All assessors will receive proper instructions and guidance regarding all outcome parameters and assessments that will be taken. A reminder for each visit will be given to all patients to diminish retention and incomplete follow-up.



Data Management

Study data will be recorded in an access database. All participants will be registered with an identification code with a random order. Source data will include the original documents relating to the study, as well as the medical treatment and medical history of participant. The database will be kept current to reflect subject status at each phase during the course of the study.



Statistical Analyses

Statistical analysis on outcome measures will be conducted using SPSS version 24 (SPSS Inc, Chicago, IL). Baseline differences between groups will be tested by the independent-samples t-test for parametric data and the Mann-Whitney U-test for non-parametric data. According to data normality, a statistical test for independent samples will be performed to look at significant changes in primary and secondary outcome measures between control and treatment groups. Moreover, a statistical test for paired sample will be used to investigate the presence of significant changes in the treatment group cognitive and physical parameters before and after the tele-rehabilitation program. An alpha level of ≤ 0.05 will be considered as significant.




DISCUSSION AND CONCLUSIONS

In the context of cognitive decline, technologies have been increasingly conceived as a support for patients, their caregivers and the clinicians. The presented trial is claiming to provide MCI/VCI subjects together with their caregivers with an innovative customized tele-rehabilitation program, which contents are available by a user-friendly web application. However, the lack of familiarity with the technologic devices may constitute a limit to the implementation of technology enhanced services to supply a home-based tele-rehabilitation in people with advanced age or early cognitive impairment (23). For this reason, the use of a participatory co-design process that follows an iterative development model might help in overcoming this limitation. The following challenges to program implementation were successfully managed:

- Define the program contents most likely to offer a multi-domain and multi-dimensional stimulation;

- Develop a platform to enable the participants self-administration of the program contents at home;

- Create a user-friendly interface platform to ease a possible lack of familiarity with technology.

The first challenge has been addressed by creating a weekly program that combines cognitive and physical, similar to what has been proposed by Realdon et al. (21). Differently from their project, the physical activity proposed in this program is based on APA exercises and customized to the participant's training level and physical capability. In addition, this program promotes the participation of the subjects in social activities to be conducted with the support of the caregiver. The choice to include in the training program social activities originates from evidence in the literature showing the importance of social stimulation as protective factor against major cognitive decline (17, 49). The second challenge has been met by creating a web-app and providing participants with a tablet and an internet connection, if needed. The possibility to perform the exercises at home, will likely enhance participation in the program. Furthermore, the proposed tele-rehabilitation program leads to a significant reduction of costs compared to previously proposed trainings (50, 51), where participants attended a clinic and were supervised by medical staff. The third challenge has been dealt through a participatory co-design process, used to develop a platform shaped on the basis of user needs. The possible limitations of this study may stem from the restricted numbers of participants enrolled. A potential pitfall could be a drop-out of MCI, therefore the sample size will be increased. Data collection may be impacted by the adherence to the program, especially considering the age of participants, their compliance to the treatment and their medical condition. The monitoring of activity by the administrator is among the several strategies expected to help solve the possible problem of the adherence. However, a high adherence is expected due to the possibility to carry this out at home. To protect sensitive data that will be stored and processed through the web-application, all participants will be registered with an identification code with a random order. Another limitation could be a potential learning effect of neuropsychological instruments due to the timing of the project. This could be avoided by using parallel versions when possible and by a well-structured time scheduling. Some symptoms of apathy, a predictive factor of AD progression (52, 53), are indirectly tested by registering daytime motor activity with actigraphic measures (54, 55). Direct specific measures of apathy cannot be used because of administration issues. The next step is to test the proposed program on subjects living with MCI and VCI condition through the presented trial. The expectation is to counteract cognitive decline, improve physical functioning and quality of life.



ETHICS AND DISSEMINATION

The study will be carried out in compliance with the protocol approved by the previously mentioned ethical committee. A written informed consent will be given to each participant (Appendix A in Supplementary Material). The trial is registered at https://clinicaltrials.gov, unique identifier NCT03383549 (registration date: 26/dec/2017). Potentially eligible participants will be screened by the study site principal or sub-investigator for the confirmation of a diagnosis of MCI due to AD or VCI, with a MMSE score ≥24 (26), an age between 65 and 80 years old, a school attendance ≥3 years and with a right-dominant hand. Additionally, potential participants will be questioned and their medical record will be checked in regard to the other eligibility criteria. Given eligibility to take part in the study, they will be provided with further details and an informed consent form by one of the study members. The model consent form and other related documentation given to participants (all in Italian) can be obtained by the corresponding author upon request. The study clinicians will be responsible to explain and make sure the protocol is correctly understood by participants. A separate list with patients screened, but who are not enrolled will contain information regarding the number of patients and the reasons for not enrolling. In order to provide an equal and ethic treatment to all participants, the control group will receive the proposed program at a later date. All anonymized data will be stored in a secure database protected by a password. Only the research team will have access to the database. After the statistical analysis of this trial, the data will be published in a peer-reviewed medical journal, thereby adhering to the CONSORT reporting standards (56) and SPIRIT guidelines (57). The results will be disseminated through peer-reviewed publications, presentation at relevant scientific conferences and the general public.
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Background: Gait disorders represent disabling symptoms in Parkinson's Disease (PD). The effectiveness of rehabilitation treatment with Body Weight Support Treadmill Training (BWSTT) has been demonstrated in patients with stroke and spinal cord injuries, but limited data is available in PD.

Aims: The aim of the study is to investigate the efficacy of BWSTT in the rehabilitation of gait in PD patients.

Methods: Thirty-six PD inpatients were enrolled and performed rehabilitation treatment for 4-weeks, with daily sessions. Subjects were randomly divided into two groups: both groups underwent daily 40-min sessions of traditional physiokinesitherapy followed by 20-min sessions of overground gait training (Control group) or BWSTT (BWSTT group). The efficacy of BWSTT was evaluated with clinical scales and Computerized Gait Analysis (CGA). Patients were tested at baseline (T0) and at the end of the 4-weeks rehabilitation period (T1).

Results: Both BWSTT and Control groups experienced a significant improvement in clinical scales as FIM and UPDRS and in gait parameters for both interventions. Even if we failed to detect any statistically significant differences between groups in the different clinical and gait parameters, the intragroup analysis captured a specific pattern of qualitative improvement associated to cadence and stride duration for the BWSTT group and to the swing/stance ratio for the Control group. Four patients with chronic pain or anxious symptoms did not tolerate BWSTT.

Conclusions: BWSTT and traditional rehabilitation treatment are both effective in improving clinical motor functions and kinematic gait parameters. BWSTT may represent an option in PD patients with specific symptoms that limit traditional overground gait training, e.g., severe postural instability, balance disorder, orthostatic hypotension. BWSTT is generally well-tolerated, though caution is needed in subjects with chronic pain or with anxious symptoms.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier: NCT03815409

Keywords: body weight support treadmill training, gait rehabilitation, computerized gait analysis, Parkinson's disease, neurorehabilitation


INTRODUCTION

Gait disorders in Parkinson's Disease (PD) are due to dopaminergic nigrostriatal pathways degeneration and represent important components of the disability (1).

In PD, gait is characterized by a significant reduction of stride length (2). Inadequate flexion at the ankle and knee, reduction of heel strike, forward-flexed trunk, reduced arm swing with asymmetric stride times for lower limbs and significant stride-to-stride variability are frequently associated (3–8).

The efficacy of pharmacological treatment with Levodopa is frequently uncomplete (9) and adjuvant rehabilitation treatment is recommended. Body weight supported treadmill training (BWSTT) represents a promising rehabilitative approach for gait impairment in PD (10, 11). Effectiveness of BWSTT on gait, balance and motor function has been demonstrated in different neurological diseases, especially in stroke (12) and spinal cord injury (13). In stroke, authors reported that BWSTT appears as a safe method of training, providing a major sense of security regarding falls and facilitating free leg movements, compared with treadmill alone (12). In addition, stroke patients treated with BWSTT were able to walk for a longer duration and with a minimal increase in heart rates (14). In PD patients, BWSTT has been tested in small controlled studies that have suggested a clinically detectable beneficial effect (10, 11). BWSTT seems also effective in improving balance in PD (15–17), evaluated both with clinical scales (as Berg Balance Scale, BBS) and dynamic posturography (18). In PD, many data in literature show how treadmill training, acting as a sensory cue, improves kinetic and kinematic parameters, studied with computerized gait analysis (CGA), more than physiotherapy alone. Toole and Ganesan highlighted a positive impact of BWSTT on postural instability using instrumental investigations (15, 18). Regarding gait rehabilitation, most of the data recorded with computerized movement analysis derived from BWSTT delivered with robotic devices (19–22). Only a limited number of studies has instead investigated the effect of non-robotic BWSTT on gait kinetic and kinematic data. Ganesan et al. used an instrumental evaluation, but it must be noted that they recorded kinematic gait parameters during a treadmill-assisted walk, which prevents generalization to overground gait (23). Another study (24) showed an improvement in gait speed and cadence after a single session of BWSTT both in PD patients and healthy controls, but did not provide any data on the effect of multiple sessions or on any possible retention of the effect.

In this manuscript we present a revision of the main literature on gait rehabilitation in PD using BWSTT with and without robotic devices, and the findings of a randomized, controlled, parallel-group study conducted on a representative sample of PD subjects to investigate the efficacy of BWSTT using the computerized gait analysis for the precise definition of qualitative and quantitative effects.


Related Works

BWS Delivered Without Robotic Devices

The first report of BWSTT efficacy in gait rehabilitation of PD belongs to Miyai et al. Ten patients with PD were enrolled in a cross-over study and treated for 4 consecutive weeks with BWSTT (20% of unweighting for 12 min followed by another 12-min period of 10% of unweighting) or conventional physical therapy (CPT). The Authors showed that BWSTT was superior to CPT in improving gait disturbances and disability at the end of the rehabilitative period. More specifically BWSTT proved superior to CPT in improving UPDRS scores, gait speed and stride length (10). The same study group in 2002, evaluated the 6-months retention of BWSTT in PD. Twenty-four patients with PD were randomized to receive BWSTT (20% of unweighting for 10 min + 10% of unweighting for 10 min + 0% of unweighting for an additional 10-min period) or CPT 3 times/week for 4 consecutive weeks. All patients were clinically evaluated at baseline and then monthly for 6 months. In this series, gait speed significantly improved in BWSTT respect to CPT only at month 1, while the improvement in the stride length was more marked in BWSTT group with respect to CPT and persisted until month 4 (11).

Toole et al. showed that 6-weeks of BWSTT increased gait speed and stride length, evaluated with clinical tests, and improved balance, measured with Computerized Dynamic Posturography. Of note, in this study no statistical difference in gait was observed when comparing patients treated with treadmill alone with patients treated with treadmill associated with weight-support (15).

In 2008, Fisher et al. speculated on the possible central mechanism responsible for clinical effects of BWSTT. Thirty subjects affected by PD were randomly assigned to three groups: high-intensity group (24 sessions of BWSTT), low-intensity group (24 sessions of CPT), zero-intensity group (8-weeks of education classes). Again, the high-intensity group improved the most at the end of treatment period, in particular in gait speed, step length, stride length, and double support. Of note, in this study a subgroup of patients was also tested with transcranial magnetic stimulation: in the BWSTT group Authors were able to record a lengthening of the cortical silent period, postulating that high-intensity training improved neuronal plasticity in PD, through BDNF and GABA modulation (25).

More recently, Rose et al. studied the efficacy of a high-intensity locomotor training in BWS condition achieved with a positive-pressure antigravity treadmill. When comparing training period (3 sessions/week for 8 weeks) with a control period (no intervention), they found a significant improvement in MDS-UPDRS (total and motor sub-scale) and walking distance (26). Indeed Ganesan et al. randomized 60 PD patients to 3 groups: (1) no specific exercise activity, (2) conventional gait training (30 min sessions, 4 times/week for 1 month), and (3) BWSTT (30 min sessions, 4 times/week for 1 month). At the end of a 4-weeks follow up, both intervention groups showed an improvement in the UPDRS score (total, motor, and sub-scores) and in gait parameters (walking distance, speed, and step length) when compared to non-exercising group; moreover, BWSTT appeared to be significantly superior respect to conventional gait training. At variance from the previous study, this latter one used an instrumental analysis of gait, which unfortunately was performed while the subjects were walking on the treadmill (instrumented 2-min walk test) and not during unassisted overground gait (23).

Lander and Moran studied the spatiotemporal gait effects of BWSTT with an instrumented 6-m device (GAITRite, CIR systems); they studied the effects of a single session of BWSTT in PD and healthy controls and showed an improved gait speed and cadence in both groups. Unfortunately, they did not investigate the effect of repetitive BWSTT sessions (24).

In the future, we hope that BWS might be improved and combined with novel technologies in order to develop new and individualized rehabilitative strategies. In this view, Park et al. combined BWS with a treadmill designed to adapt the walking speed according to the voluntary patient control via a feedback/feedforward control. Moreover, the environment around this BWSTT was enriched by a virtual reality system able to simulate real-life conditions. This approach proved safe and allowed the therapist to treat patients in more realistic overground gait conditions; indeed, the use of virtual obstacles, such as walls or narrow spaces, in the virtual reality setting allowed Authors to study freezing of gait in laboratory (27).

Another example is the combination of BWS with cues rehabilitation; Schlick et al. showed how BWSTT combined with visual cues was more effective in improving step length and gait symmetry when compared to an un-cued condition. It is also noteworthy that this multimodal approach was efficient and well-tolerated in advance PD patient with a V Hoehn and Yahr stage (28).

BWSTT Delivered With Robotic Devices

Ustinova et al. published the first positive case report on the short-term gait rehabilitation efficacy of BWSTT delivered to a PD patient with a robotic device (Lokomat-Hocoma Inc., Volketswil, Switzerland). The intervention consisted in a 2-weeks gait training, delivered 3 times per week, with each session lasting 90–120 min (29).

Lo et al. conducted a pilot study to assess the efficacy of BWSTT delivered with the Lokomat unit in reducing frequency of freezing of gait (FOG) in PD. Authors reported a 20% reduction in the average number of daily episodes of FOG and a 14% improvement in the FOG-questionnaire score (19).

In 2012, Picelli et al. enrolled 41 PD patients in the first randomized controlled study aimed to compare the efficacy of BWSTT delivered with a robot-assisted gait training (RAGT-gait Trainer GT1) to CPT (not focused on gait training) in improving gait in PD. They showed how RAGT was significantly superior respect to CPT in improving the 6-min walking test, the 10-meter walking test, stride length, single/double support ratio, Parkinson's Fatigue Scale and UPDRS score (20).

Carda et al. subsequently designed a randomized controlled study to assess superiority of robotic-gait training with BWS (Lokomat with 50% of unweighting for 15 min followed by 30% unweighting for an additional 15-min period) when compared to treadmill training without BWS. The Authors failed to record any significant differences between groups at the 6-min walking test, the 10-meter walking test and the Time up-and go test, although all the parameters significantly improved in both groups, with a positive effect persisting up to 6 months after rehabilitation (30).

In the paper published by Sale et al., the main aim was the comparison between a new end-effector robotic BWS device (G-EO system device) and treadmill training without weight-support. After 4-weeks of rehabilitation, the statistical analysis showed a significant improvement with the robotic intervention in gait speed, step length and stride length, but the between-group analysis was not statistically significant (21).

In 2013, Picelli et al. designed a comprehensive randomized controlled study aimed to compare robotic BWSTT (RAGT—gait Trainer GT1) with treadmill training without BWS (TT) and CPT. Sixty subjects with mild to moderate PD were enrolled and evaluated before treatment (T0), at the end of a 4-weeks rehabilitative programme (T1) and after 3 months (T2). This study failed to demonstrate the superiority of RAGT in improving gait speed when compared to TT; at variance, both RAGT and TT proved more effective than CPT as regards gait speed and walking capacity. It is worth noting that the improvement in gait speed was considered clinically significant (namely > 0.25 m/s at the 10-meter test) only after the RAGT approach (31).

Finally, Galli et al. compared the effects of BWS delivered with a robotic end effector (G-EO system) with TT not only on the spatio-temporal gait parameters, but also on the range of motion of the most important lower limb joints. The results showed that robotic rehabilitation produced an improvement in the kinematic gait profile at the proximal level (hip and pelvis) when compared to TT without BWS. These results are useful from a clinical point of view because they suggest that rehabilitation with BWS and robotic gait training could be recommended in specific sub-groups of PD patients (for example in those with a deficit of pelvis and hip mobility at baseline) (22).




A CONTROLLED TRIAL COMPARING BWSTT WITH OVERGROUND GAIT TRAINING


Materials and Methods

Subjects

Subjects were enrolled among consecutive PD patients hospitalized in the Neurorehabilitation Unit of the IRCCS Mondino Foundation of Pavia, Italy. Thirty-six patients affected by Idiopathic PD, according to the UK Brain Bank diagnostic criteria were included according to the following inclusion criteria:

- disease stage II–III Hoehn and Yahr (H&Y);

- stable dosage of dopaminomimetic drugs for 3 months before study enrollment.

Exclusion criteria were:

- moderate to severe cognitive impairment (MMSE ≤ 21);

- unpredictable motor fluctuations;

- moderate to severe orthopedic diseases or other pathological conditions (e.g., severe postural abnormalities) that might affect gait training.

During the observation period, no change was allowed to the dopaminomimetic drugs.

All participants gave their written informed consent for participation in the study, which was carried out according to the Declaration of Helsinki and was approved by the Ethics Committee. At the time of the approval of the protocol the local Ethics Committee was held at the IRCCS Mondino Foundation.

Demographic and clinical details of the subjects are shown in Table 1.



Table 1. Demographic and clinical characteristics of BWSTT and Control groups.
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Procedures

Subjects were randomly assigned to two groups: 18 PD patients were assigned to the “BWSTT group” and 18 patients to the “Control group.” Before starting treatment, patients of BWSTT group performed a 20-min single session of BWSTT in order to test feasibility and tolerability. Four of them did not tolerate BWSTT: one patient reported an increase in his pre-existing hip pain, two patients with pre-existing spondyloarthrosis complained of low back pain, one patient reported that the procedure induced anxious symptoms. These 4 patients were re-allocated to the Control group, so that the final disposition of patients in the two groups was as follows: 14 patients (8 women and 6 men) in the BWSTT group and 22 patients (10 women and 12 men) in the Control group (Figure 1).
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FIGURE 1. Study flow and patients' disposition.



Patients in both groups underwent 5 daily rehabilitation sessions per week for 4 consecutive weeks. Both groups underwent daily 40-min sessions of traditional physical therapy (PT) followed by a 20-min session of overground gait training (Control group) or of gait training with BWSTT (BWSTT group).

Traditional Treatment

The traditional PT rehabilitation treatment included passive, active and active-assisted exercises, according to the methods commonly used (Kabat, Bobath) and previously published (32, 33).

Every 40-min treatment session consisted in isotonic and isometric exercises for the major muscles of the limbs and trunk including cardiovascular warm-up exercises (5 min), muscle stretching exercises (10 min), muscle stretching exercises for functional purposes (10 min), balance training exercises (10 min), relaxation exercises (5 min). This protocol was designed in accordance with PD rehabilitation guidelines and evidences in the literature (34).

Treatment With Body Weight Support Treadmill Training (BWSTT)

The sessions were conducted on a treadmill with partial weight unload. Specifically, the patient performed 10-min treadmill walk with a support corresponding to 20% of his/her own weight, followed by a 5-min rest and a second 10-min session on the treadmill with a support corresponding to 10% of his/her own weight. In the initial treadmill session, the starting speed of the treadmill was set to 0.5 km/h, subsequent increments of 0.5 km/h per minute were added to reach the maximum speed that was comfortably tolerated by the patient. This latter was used for the entire training period.

All patients were examined by a neurologist with expertise in movement disorders at the beginning of hospitalization (T0) and at the end of the neurorehabilitation period (+4 weeks, T1). The clinical assessment involved a complete neurological examination and administration of the following clinical scales, validated for the assessment of the disability:

• for the assessment of PD severity: the Unified Parkinson's Disease Rating Scale, part III (UPDRS-III) (35);

• for the assessment of functional independence: the Functional Independence Measure (FIM) (36).



Computerized Gait Analysis

The instrumental assessment of gait was conducted at T0 and T1 by an experienced laboratory Technician using an Optokinetic Gait Analysis System associated to the software Myolab Clinic (ELITE, BTS Engineering, Milan), composed of six infrared cameras, with a sampling rate of 100 Hz. According to the Davis protocol, 21 spherical reflective markers (15 mm in diameter) were applied along the body. Synchronized data acquisition and data processing were performed by analyzer software (BTS, Milan, Italy). In order to perform kinematic analysis of gait, patients were instructed to walk at their preferred speed along a 10-meter walkway with the initial step on the side of disease onset. For each session, we acquired at least three performances and calculated the mean. In order to obtain the best individual performance, all recordings were conducted in the ON phase. The sessions were recorded at 5-min intervals to allow complete recovery from fatigue.

Data Analysis

After acquisition of the recordings, the video files were analyzed and the spatial-temporal variables were measured during all phases of gait cycle using the software Myolab Clinic (ELITE, BTS Engineering, Milan). We calculated the following variables:

• Speed (m/s);

• Cadence, expressed as the number of steps per minute (step/min);

• Stride duration (s);

• Stride length (m);

• Duration of stance expressed as a percentage of the duration of step (%);

• Duration of swing expressed as a percentage of the duration of step (%);

• Number of strides on a 10-meter distance.



Statistical Analysis

The sample size and power of the study were calculated using the portal “Open Source Epidemiologic Statistics for Public Health” (www.openepi.com). We calculated the sample size with the following parameters: confidence interval (two sided) 95%; power 80%; difference between groups 20% (with a standard deviation between 20 and 25% for each group). The Statistical Package for the Social Sciences (SPSS) for Windows, version 21.0, was used for the calculation.

The distribution of each variable was evaluated using “skewness” and “kurtosis.” Moreover, the data were plotted using a “Q-Q plot” that confirmed normal distribution of all tested variables. For qualitative variables we used crosstabs analysis, performing statistical significance with Fisher exact test by case.

Quantitative variables are presented as mean values ± standard deviation. The main analysis regarding clinical scales and gait parameters was performed with the ANOVA (analysis of variance) for repeated measures with two factors: (1) Time (two levels: T0 vs. T1); (2) Group (two levels: BWSTT vs. Control).

We also performed a sub-analysis to asses intra-group variations between T0 and T1 using t-test for paired samples; delta percentage variations between groups (BWS vs. controls) were tested using a t-test for independent samples. The level of significance was set for convention at a p < 0.05, always corrected if necessary.




RESULTS

The demographic and clinical characteristics of the two groups are shown in Table 1. No statistically significant differences were found between groups at baseline. Clinical features and gait parameters of each subject at T0 and T1 are presented in Tables 2–3 for Control and BWSTT groups, respectively.



Table 2. Clinical features and gait parameters (T0 and T1) for each patient in Control group.
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Table 3. Clinical features and gait parameters (T0 and T1) for each patient in BWSTT group.
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Clinical Scales

We found a significant effect of factor “Time” for both UPDRS-III score [F = 102.857; df (1, 34); p = 0.001] and FIM score [F = 63.222; df (1, 34); p = 0.001], without any significant interaction for factors “Group” and “Time*Group” (Table 4).



Table 4. Effect of BWSTT (BWSTT group) and traditional rehabilitation (Control group) on clinical scales and kinematic variables of gait.
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In the intra-group sub-analysis, the UPDRS-III score significantly decreased at T1 in both BWSTT group (T0 = 33.4 ± 11.5, T1 = 23.3 ± 9.1; T0 vs. T1 p = 0.01) and Control group (T0 = 34.4 ± 12.0, T1 = 26.8 ± 10.6; T0 vs. T1 p = 0.01). In line with this result, also FIM significantly improved at T1 in both groups of patients (BWSTT group: T0 = 99.5 ± 12.3, T1 = 107.0 ± 10.4; p = 0.01; Control group: T0 = 99.6 ± 16.2, T1 = 110.1 ± 15.5; p = 0.01).



Gait Parameters

The main analysis showed a significant effect of factor “Time” for speed [F = 11,306; df (1, 34); p = 0.002], cadence [F = 6.233; df (1, 34); p = 0.018), stride duration [F = 43, 741; df (1, 34); p = 0.036] and stride length [F = 17.700; df (1, 34); p = 0.001]. Factor “Group” and the interaction “Time*Group” were not significant for all gait parameters (Table 4).

The intragroup sub-analysis showed a significant increase in speed (from 0.6 ± 0.1 to 0.7 ± 0.2 m/s; T0 vs. T1 p = 0.01), cadence (from 85.9 ± 16.4 to 90.7 ± 14.1; T0 vs. T1 p = 0.01), length of stride (from 0.41 ± 0.1 m to 0.59 ± 0.1 m; T0 vs. T1 p = 0.04) and with a reduction in the duration of stride (from 1447.2 ± 283.3 to 1353.3 ± 210.4 ms; T0 vs. T1 p = 0.01) and in the number of strides (from 8.2 ± 2.2 to 7.6 ± 1.8 for 10-meters; T0 vs. T1 p = 0.02) (Table 5) at T1 in the BWSTT group.



Table 5. Post-hoc analysis of intragroup changes in gait parameters for BWSTT and Control groups from baseline (T0) to the end of the rehabilitative period (T1).
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In the Control group, at T1 we observed a significant increase in speed (from 0.7 ± 0.2 to 0.8 ± 0.3 m/s; T0 vs. T1 p = 0.01) and swing duration (from 35.5 ± 5.7 to 38.7 ± 11.2%; T0 vs. T1 p = 0.02), with a consequent reduction of stance duration (from 64.4 ± 5.7 to 61.2 ± 11.1%; T0 vs. T1 p = 0.02) (Table 5).

When comparing the percent change of the gait parameters induced by the two rehabilitation interventions, no statistically significant differences were found in any gait parameters between Control group and BWSTT group (Figure 2).
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FIGURE 2. Comparison of delta % changes in gait parameters from baseline (T0) to the end of the rehabilitative period (T1) in BWSTT and Control groups.






DISCUSSION

Gait disorders represent common and disabling symptoms in PD. In recent years, multidisciplinary rehabilitation treatment has acquired a key role in improving the motor function (34). Effectiveness of BWSTT in improving gait, balance and motor function evaluated with both clinical scales and instrumental Kinematic Computerized Gait Analysis has been demonstrated in neurological diseases as stroke (12) and spinal cord injuries (13). Previous findings suggested that Treadmill Training (TT) could improve gait parameters in PD patients (16), but data available from the literature on the specific effect of BWSTT in the rehabilitation of gait of PD subjects do not allow conclusive inference. In the literature we can find some reviews on the topic, but the strength of their conclusions is partially limited by methodological bias. In particular, these reviews poorly differentiate between treadmill training used alone, treadmill training plus BWS, or BWS delivered with robotic devices (16, 37), which actually represent quite different modalities of rehabilitation from a methodological point of view.

To the best of our knowledge this is the first controlled study that evaluates the effect of a 4-weeks rehabilitative program with a non-robotic BWSTT using instrumentally-recorded gait parameters in PD patients during overground, spontaneous gait. BWSTT was compared with standard rehabilitation and it induced an improvement in the score of the clinical scales, namely UPDRS and FIM, thus confirming the clinical efficacy reported in previous studies (10, 11, 16, 18). The main analysis of our study showed a significant improvement in multiple parameters of gait at the end of the 4-weeks rehabilitative program in both study groups. In this view, BWSTT did not prove to be more efficient than conventional overground gait training. At the intragroup sub-analysis, however, BWSTT showed a specific profile of improvement upon the kinematic gait parameters recorded with a 6-camera optoelectronic system for CGA. Indeed, at the end of the 4-weeks rehabilitation period only the BWSTT group experienced a significant increase in the stride length, stride duration and cadence, together with a reduction in the number of strides and in the duration of stride. The group receiving standard rehabilitation protocol showed solely a percent reduction in the stance phase of the step with a percent increase in the swing phase.

Different mechanisms may be hypothesized to explain the clinical efficacy of BWSTT on gait and balance. In stroke patients, treadmill training reduces cardiovascular demands and energy expenditure (12, 14). Aerobic training is however not the main driver of the effect, since treadmill training alone resulted in a worse outcome than BWSTT in stroke (12, 14). In the case of PD, a possible role may be played by the impact on BWSTT on baroreflex sensitivity (38), defined as a measure of sensitivity of the cardiac limb of the baroreflex and derived from the change in inter-beat interval for unit change in systolic pressure (39, 40). Indeed, low blood pressure variation and a decrease in baroreflex sensitivity significantly contribute to orthostatic hypotension in PD (41). Ganesan et al. demonstrated that 4-weeks of BWSTT significantly improve baroreflex sensitivity in patients with PD and prevent orthostatic blood pressure fall (38). No conclusive data about gait are available in literature on the comparison between BWSTT and TT in PD. Both treatments seem to improve gait, either when used alone or as an add-on to standard rehabilitation treatment (16). Some Authors have hypothesized a neuromechanical effect of BWSTT, involving central pattern generators (CPGs). CPGs are load and sensory dependent and BWSTT may alter the supraspinal and spinal influences on CPG neuromotor activity (42, 43). Evidence suggests that an abnormal proprioception and dysfunctional sensorimotor integration is frequent in PD. In PD patients, external stimuli are able to modulate the motor pattern. Acoustic, visual and somatosensory cues help the patients to start and maintain a rhythmic motor task (44–46). Each type of cue activates a different pattern of supraspinal motor control. In particular, sensory cues enable the voluntary dorsolateral pre-motor control system, bypassing the supplementary motor area's deficit that alters automatic movement (45). In this frame, it is intuitive that treadmill training, with and without BWS, does represent a symmetrical and repetitive sensory stimulus, capable of increasing the rhythm of motion, and increasing the discharge activity of additional locomotor areas (45). However, in BWSTT, the mechanism could be more complex, leading to an implementation of the activity also on the latter circuit. Studies with near infra-red spectroscopy (NIRS) showed, in fact, that treatment with BWSTT induced an increase in activation of the primary and supplementary motor areas in PD patients (47). Other possible explanations of the effectiveness of BWSTT on gait rehabilitation include specific motor learning of the task, improvement in postural reflexes (48), neural plasticity induced by physical activity and dependent activity (neurogenesis, synaptogenesis and molecular adaptation) (49, 50) and the normalization of corticomotor excitability/cortical reorganization, especially in the supplementary motor area in subjects with PD (25). Another possible explanation for the beneficial changes observed following BWSTT is the improvement of balance as suggested by previous reports (18). Unfortunately, our study was not designed to investigate balance.

While the two gait training approaches under investigation showed a different profile of improvement as regards the various gait parameters, the statistical analysis failed to detect significant changes when evaluating the impact of BWSTT and classic overground rehabilitation (in term of percent changes) upon the different gait parameters. As a consequence, it is fair to state that, in terms of efficacy, both treatments may be proposed for gait rehabilitation in PD patients. What can drive the selection of BWSTT over overground gait training is the safety of the procedure. Indeed, the BWS harness practically prevents falls in patients during the rehabilitative session. This allows physiotherapists to focus more properly on the different segments involved in walking, instead of having to worry about steading the subject. This means that BWSTT may find its ideal indication in the more severely affected PD patients. This impression obviously needs scientific confirmation in specific trials. In this frame, it is important to note that our findings suggest that BWSTT is safe, but may not be well-tolerated by patients with chronic pain and anxious symptoms. Therefore, it is advisable to conduct an initial BWSTT test session in order to assess tolerability before starting treatment.



LIMITATIONS

This study was conducted on a small number of patients who may not be representative of the full extension of the functional disability that is associated to PD. Furthermore, due to the above described tolerance issues, the 2 arms were not perfectly balanced in terms of numerosity. However, though these considerations may limit the transferability of the present data to the general PD population we feel that it is important to report our experience in full because of its useful implication in the real life setting.

In this study we did not evaluate the effect of BWSTT on balance, which may represent one of the components that affect the positive results recorded on the gait performance in our patients. An additional arm, evaluating the effect of treadmill alone, would have increased the possibility to dissect out the role of different components. Further studies are needed to evaluate the effect of BWSTT on orthostatic hypotension and balance.



CONCLUSIONS

In conclusion, our results show that BWSTT and standard traditional rehabilitation treatment are both effective in improving clinical motor functions and kinematic gait parameters in PD. BWSTT showed some interesting peculiarities in its profile of gait improvement. This observation, together with the well-known specific technical features of the procedure suggests that BWSTT treatment may find a preferential indication for gait training in PD patients with moderate or severe postural instability, balance disorders, orthostatic hypotension.
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Introduction: Patients with Multiple Sclerosis exhibit disturbed dexterity, leading to difficulties in fine motor skills such as buttoning a T-shirt or hand-writing. Consequently, activities of daily living and quality of life are affected. The aim of the present study is to investigate the effectiveness of a tablet app-based home-based training intervention to improve dexterity in patients with Multiple Sclerosis.

Methods: An observer-blinded randomized controlled trial will be performed. Seventy patients with Multiple Sclerosis with self-reported difficulties in dexterity while executing activities of daily living will be recruited. After baseline assessment, participants are randomized to either an intervention group (n = 35) or control group (n = 35) by a computerized procedure. Blinded assessments will be done at baseline, post-intervention (after 4 weeks) and 12 weeks follow-up. The home-based intervention consists of a 4-week tablet app-based dexterity program. The app contains six dexterity games in which finger coordination, tapping, pinch grip is required. The control group will receive a Thera-band training program focused on strengthening the upper limb. The primary outcome is the Arm function of Multiple Sclerosis Questionnaire, a measure of patient-reported activities of daily living related dexterity. Secondary outcomes are dexterous function, hand strength, and quality of life.

Discussion: This study will evaluate the effects of tablet app-based training for dexterity in patients with Multiple Sclerosis. We hypothesize that a challenging app-based dexterity program will improve dexterity both in the short term and the long-term. The improved finger and hand functions are expected to generalize to improved activities of daily living and quality of life.

Keywords: randomized controlled trial, app-based training, dexterity, multiple sclerosis, arm function in multiple sclerosis questionnaire


BACKGROUND

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system and the most common cause of non-traumatic disability in young adults (1–3). It is a heterogeneous disease, which is associated with long-term disability, leading to reduced Health related Quality of Life (HrQoL). While disease-modifying pharmacological therapies can decrease disease activity and progression, and symptomatic pharmacological treatments reduce complaints to a certain extent (3), patients with MS (PwMS) often still suffer from various neurological deficits during the course of their disease (1). Consequently, specific non-pharmacological rehabilitation is needed in order to further reduce disability and improve HrQoL (2, 4, 5). Evidence is accumulating that targeted rehabilitation drives neuroplasticity in MS (6).

Impaired dexterity is a frequently observed impairment, affecting up to 76% of PwMS (7). The different neurological deficits caused by MS, such as ataxia, spasticity, sensory-motor deficits, and apraxia may by themselves or in combination, impair dexterity (8, 9). Anatomically, it has been shown by Bonzano et al. (10) that reduced microstructural integrity of the corpus callosum, caused by the MS pathology, is associated with deficits in bimanual finger movements, therefore possibly explaining impaired dexterity (10). Consequently, PwMS report impairments in the performance of several activities of daily living (ADL), such as grooming, cooking, which may have a huge impact on the self-reported general health perception (11). Sometimes these problems are even associated with loss of work, and lack of social integration (12). Two systematic reviews by Lamers et al. highlighted the importance of a thorough standardized assessment and treatment of upper limb dysfunction in MS, more specifically impaired dexterity (4, 13). In a previous randomized controlled trial (RCT) we showed that a home-based unsupervised dexterity program can improve dexterity in MS (14). The program however did not allow for online monitoring of the patient's performance, meaning that no direct feedback could be given by the therapist, possibly explaining the lack of long term efficacy.

To obtain an optimal training effect, work load must be “shaped” (adjusting the task difficulty to the subjects' performance), and the intensiveness of training should be progressive and challenging. Based on these motor learning principles, Bonzano et al. (15) found in a small pilot RCT that task-oriented upper limb rehabilitation in PwMS had a positive impact on white matter architecture. They demonstrated that connection fibers in the corpus callosum and corticospinal fibers bundles, which are in general affected by the disease, were preserved through active motor training (15). This suggests that upper limb rehabilitation may promote neuroplasticity in MS. Furthermore, the involved tasks should also stimulate subjects' motivation, should be fun, and sustain arousal (16).

With recent technological innovations, such as the development of applications (apps) for mobile phones and/or tablets there are new possible treatment options. The advantages of such apps, certainly build on the premise that these are often mentally stimulating, are game-based, attractive, fun, all aspects which are fundamental to possibly stimulate neuroplasticity in MS. Training with mobile apps may also allow flexible training at home, so PwMS can exercise whenever they want at a convenient time of the day. Recently such an app, called COGNI-TRAck, was developed to train cognition in MS, which was found to be feasible, highly motivating and well-accepted among PwMS (17). A follow-up pilot RCT evaluated the effectiveness of the COGNI-TRAck and demonstrated improved cognitive function, more specifically working memory (18). With respect to dexterity, a first new app has been developed called “Finger Zirkus©,” by a team of experts including an occupational therapist (AO, see for acknowledgments), graphic designer, and IT expert. The app is already available to be downloaded from Google Play store or Apple Store (see for more details: www.fingers-in-motion.de). The app specifically contains six dexterous exercises, which are explained more in the methods. The exercises are goal oriented, repetitive, give direct feedback and most importantly are fun to to. To ensure constant improvement, the speed and difficulty of the exercises are progressively adapted to the individuals' performance limit. To our knowledge the efficacy of this tablet app-based training has not been investigated in MS.

The aim of the present study will therefore be to investigate the effectiveness of a tablet app-based dexterity home-based intervention in MS (TAD-MS). The short and long-term benefits of this training program will be compared with a Thera-band® training program. For these purposes, an observer-blinded proof-of-concept RCT will be performed. We hypothesize that TAD-MS will improve dexterity, leading to improved ADL, and HrQoL in PwMS.



METHODS AND DESIGN


Trial Design

An observer-blinded RCT will be performed with random allocation of intervention, with pre- (baseline) and post-intervention measurements, at 4 weeks immediately after intervention and a follow-up 12 weeks later, after finishing the training. The study flow chart is shown in see Figure 1. Ethical approval has been given by the Ethics committee of the State of Luzern (EKNZ/2017-00768), Switzerland. Trial registration is Clinicaltrials.gov NCT03369470 and SNCTP clinical trials registry SNCTP000002451. The study will be performed according to the CONSORT (Consolidated Standards of Reporting Trials) statement, http://www.consort-statement.org/.


[image: image]

FIGURE 1. Study flow chart.





Participants

We aim to recruit 70 PwMS. The inclusion criteria are as follows: males and females, age 18–75, diagnosis of MS (primary or secondary progressive, relapsing-remitting) following the revised McDonald criteria (19). In addition, patients must report difficulties in dexterity that impact ADL and/or have a pathological Nine Hole Peg Test (9HPT) according to cut-off values (20). The exclusion criteria will be other conditions that may limit hand function training or, impaired cognitive functioning (Mini Mental Status Examination score <24).



Sample Size Calculation

The significance level alpha is defined two-tailed at p-value of 0.05 for detecting 20% difference between groups on the Arm Function in Multiple Sclerosis Questionnaire (AMSQ) in favor of the App-based dexterity group. Based on mean expected baseline values of 50.2 ±14.0 (pooled mean and standard deviations values) of the whole group, a 20% difference would reflect a 10-point improvement. Following Cohen's guidelines (21), the probability to prevent type II error is set at 0.20 assuming a 1-beta value of 0.80. The power analysis (clinical superiority trial), with the above-mentioned parameters, resulted in a total sample size of 62 persons, i.e., 31 people per group. Considering a maximal drop-out rate of 10% we aim to recruit 70 patients in total.



Recruitment

Potential participants will be recruited from the MS center, Luzerner Kantonsspital, Luzern. In addition, Swiss Multiple Sclerosis Society, which is a non-profit patient organization, will be contacted and asked to inform their members about the ongoing study. Prior to study participation, written informed consent will be obtained from all patients according to the latest Declaration of Helsinki.



Randomization and Blinding

An independent biostatistician (DC, see acknowledgments) will execute a balanced (1:1 ratio) group allocation using a computerized randomization protocol. Two clinicians (JvB, CB), with experience in the field of MS rehabilitation, will be responsible for the assessments and instruction of both interventions. All outcome measures (baseline, post-intervention and follow-up measures) will be videotaped and rated by an independent rater blinded to randomization procedure and group allocation.



Treatment Interventions

Two home-based treatment conditions are investigated in this study: the experimental condition (TAD-MS) and the control condition (Thera-band®). Patients will receive instructions for their home-based training programs by a trained clinician (JvB, CB). Both groups will train 5 days per week (approximately 30 min per day) for 4 weeks. All exercises will be performed with both hands. Besides therapist instructions, for each exercise the app contains a demonstration video and a text explaining how to perform the exercises. The app is linked with a website in which a clinician can log in and track the patient's performance, so compliance to the protocol can be monitored. Patients exercising with Thera-band® receive a booklet explaining all exercises with pictures and text instructions. This booklet also contains a diary to document if an exercise is performed and, if applicable, the time needed to accomplish the exercise.

Tablet App-Based Dexterity Intervention (TAD-MS)

PwMS allocated to the TAD-MS will receive a tablet with the
app on it. The app contains six different exercises. During a first training session PwMS receive instructions about the log-in procedure and functionality of the web-interface and exercise app. The therapist can pre-select the exercises for the patient. For more information about TAD-MS a step by step manual is presented in Supplementary File 1.

Control Intervention

PwMS allocated to the control group will receive Thera-band-exercises on paper [see (14)]. PwMS will perform seven upper extremity strength-training exercises using a Thera-band®, which are illustrated in detail in Supplementary File 2. As TAD-MS, both arms will be trained equally long.



Outcome Measures

Primary End Point

The AMSQ measures manual dexterity in MS patients and shows good validity, test-retest reliability and inter-observer reliability (22). Recently, a German version of the AMSQ was validated (23). It contains 31 questions on a unidimensional scale that are formulated as “during the past 2 weeks, to what extent has MS limited your ability to …?.” Response categories are “not at all,” “a little,” “moderately,” “quite a lot,” “extremely,” and “no longer able to.” One final sum score is obtained ranging from 0 to 100 with higher scores indicating more dexterous difficulties.

Secondary End Points

The 9HPT is a reliable, valid and sensitive test to quantify impaired dexterity, and has been validated in patients with MS (13). While seated at a table, patients have to put nine pegs out of a shallow container into nine holes one at a time and then remove them again one at a time back into the shallow container. The time to perform the task is measured. Age and gender-dependent normal values are available (20).

The Coin rotation Task (CRT) is a sensitive measure to quantify fine coordinated finger movements in MS (9). Participants have to rotate a 20 swiss rappen coin (corresponding to a dime), as quickly as possible between their thumb, index and middle finger. The time to perform 20 half turns is measured twice on both hands and mean values are taken for each hand. We found values of 18.75 s for the dominant and 19.25 s for the non-dominant hand to be optimal cut-offs that are highly sensitive and specific for detecting impaired dexterity (9).

The hand-held JAMAR dynamometer (Sammons Preston Rolyan, 1000 Remington Blvd, Bolingbrook, IL, 60440) is a reliable and valid test to measure isometric grip strength in healthy subjects and PwMS (13, 24). Testing will be performed in a seated position with 90° flexion of the elbow next to the body. Mean values (kilograms force) of three maximum voluntary grip strength movements are taken for each hand.

The Multiple Sclerosis Impact Scale 29 (MSIS-29) is a HrQoL questionnaire assessing the impact of MS on physical and psychological functions (25, 26). It is formed by 29 items: 20 about physical activity and ADL and 9 on psychological status of the person. Each item can be scored with a value from 0 to 5; total score is given by the sum of all the items and is then transformed to a range from 0 to 100. A higher value corresponds to a worse perception of subject's HrQoL.



Statistical Analysis

Descriptive statistics will be used to present baseline characteristics and results of outcome measurements. The main analysis will be an analysis of covariance (ANCOVA) with between-group factor Intervention (2 levels) and within group factor Time (3 levels). Baseline scores will be used as covariates. Two-sided 95% confidence intervals (CI) will also be calculated, as well as effect size (Cohen's d). Post-hoc Tukey test will be used to test for pairwise comparisons. The Benjamini–Hochberg procedure will be applied to control the false discovery rate (27). According to the Intention to treat (ITT) principle every randomized PwMS, including the drop-outs, will be included for final evaluation. Multiple imputation methods will be used to handle missing data, caused by random drop outs. For all analyses the level of significance will be set at p < 0.05. Statistical analyses will be performed using PASW for Windows (version 23.0; SPSS, Inc. Chicago, IL).



Availability of Data and Materials

In accordance with Good Clinical Practice Guidelines members of the ethics committees will be granted access to the original clinical data (coded) for audits or inspections, via the principal investigator. Throughout the entire study, strict confidentiality is ensured. All data will be coded and archived at the Luzerner Kantonsspital throughout the whole study period and archived for 15 years. All measurements (AMSQ, 9HPT, CRT, Jamar, MSIS-29), which are specifically related to the study design, will be entered directly into electronic Case Report Forms (eCRF).




DISCUSSION

Impaired dexterity is a frequently reported problem in MS, leading to reduced HrQoL (2, 4, 7). However, evidence-based upper limb therapies are still scarce mainly due to lack of methodologically well-conducted trials in this neglected field (4). New technology such as tablet app-based training, has been shown to improve working memory in MS (18).

The aim of the present proof-of-concept RCT is to investigate the effectiveness of a tablet app-based dexterity training at home, compared with a non-dexterity focused Thera-band® program. The exercises within the TAD-MS intervention focus on different components of dexterity such as pinch grip, coordinated finger movements, consequently being highly specific to improve dexterity. In addition, all exercises are game-based and designed to be challenging and to trigger motivation. During the performance of the dexterity exercises the app provides direct feedback of performance which can lead to immediate perception of error and correction of movement, increasing the effectiveness of progressive motor learning training (28, 29). Instead, the Thera-band® program includes non-specific upper limb and hand strength exercises.

The total dosage of the TAD-MS intervention is 600 min of dexterity training (30 min five times a week, 4 weeks), representing a trade-off between feasibility and adequate dosage. Although no studies have investigated tablet-app based dexterity training in MS, a previous home-based sensory re-education training (3 weeks, five times a week 15 min, 300 min total training) induced significant in manual dexterity (30), with stronger effect size when compared with another dexterity interventions (4) Additionally, another home-based dexterity program achieved adequate effect sizes with a 4-week program and 600 min of dexterity training (14). Therefore, the choice of the dosage of our TAD-MS seems appropriate to significantly improve dexterity. The TAD-MS has the potential to be easily implemented in the daily routine of PwMS, since no extensive instruction is needed and the program is not time consuming. Furthermore, TAD-MS is efficient in terms of staff resources as patients can train independently at home without continuous guidance from a therapist. Such cost-effectiveness should be investigated in future studies.

In sum, we expect that the presented tablet app-based program, TAD-MS, through provision of challenging, stimulating dexterity training in the patients' home-environment will be effective in PwMS.



DISSEMINATION

When protocol amendments are needed (e.g., to include another participating center), ethical approval will be obtained first. After having obtained this approval, relevant adaptations will be made in the relevant clinical trial registry databases.

After completing recruitment, according to the inclusion and exclusion criteria, statistical analyses are planned. When completed, submission to a peer-reviewed journal is planned. In addition, results will be published in patient and healthcare professional magazines and will be presented at national and international congresses.
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Structural brain imaging has continuously furthered our knowledge how different pathways of the human motor system contribute to residual motor output in stroke patients. Tract-related microstructure of pathways between primary and premotor areas has been found to critically influence motor output. The motor network is not restricted in connectivity to motor and premotor areas but these brain regions are densely interconnected with prefrontal regions such as the dorsolateral (DLPFC) and ventrolateral (VLPFC) prefrontal cortex. So far, the available data about the topography of such direct pathways and their microstructural properties in humans are sparse. To what extent prefrontal-premotor connections might also relate to residual motor outcome after stroke is still an open question. The present study was designed to address this issue of structural connectivity of prefrontal-premotor pathways in 26 healthy, older participants (66 ± 10 years old, 15 male) and 30 well-recovered chronic stroke patients (64 ± 10 years old, 21 males). Probabilistic tractography was used to reconstruct direct fiber tracts between DLPFC and VLPFC and three premotor areas (dorsal and ventral premotor cortex and the supplementary motor area). Direct connections between DLPFC/VLPFC and the primary motor cortex were also tested. Tract-related microstructure was estimated for each specific tract by means of fractional anisotropy and alternative diffusion metrics. These measures were compared between the groups and related to residual motor outcome in the stroke patients. Direct prefrontal-premotor trajectories were successfully traceable in both groups. Similar in gross anatomic topography, stroke patients presented only marginal microstructural alterations of these tracts, predominantly of the affected hemisphere. However, there was no clear evidence for a significant association between tract-related microstructure of prefrontal-premotor connections and residual motor functions in the present group of well-recovered stroke patients. Direct prefrontal-motor connections between DLPFC/VLPFC and the primary motor cortex could not be reconstructed in the present healthy participants and stroke patients.

Keywords: diffusion, recovery, corticocortical, DLPFC, VLPFC, tractography


INTRODUCTION

Brain imaging has enhanced our understanding of plasticity-related functional reorganization after stroke. Within the motor domain, the focus of functional imaging based network analyses has been primarily the core motor network, comprising the primary motor cortices (M1) and secondary motor areas of the frontal lobe, such as the dorsal (PMd) and ventral (PMv) premotor cortex and the supplementary motor area (SMA). Such analyses could demonstrate that both active and passive network states and their temporal changes over time significantly relate to residual motor functioning and recovery processes (1). Diffusion-weighted imaging has shown that also the structural state of the underlying fiber tracts connecting these brain regions is associated with motor outcome. The body of literature of such structural connectivity analyses after stroke has been recently summarized (2).

Compared to the motor execution network showing prominent and clinically relevant changes in functioning and structure, much less is known about the prefrontal cortex (PFC) and its importance after ischemic stroke. Indeed, the PFC is a large brain area with multiple heterogeneous structurally and functionally defined brain regions. Studies in healthy participants have already evidenced its important role in the cognitive and higher-order motor domains including working memory (3–6). Herein, particularly the dorsolateral prefrontal cortex (DLPFC) activation has been reported in the cognitive control of task planning and learning of action sequences. Ventrolateral prefrontal cortices (VLPFC) have been found to influence emotional and visuomotor processing, action inhibition and updating of action plans, as well as object integration (3, 5). With regard to the underlying neuronal networks, animal tracing studies (7–11) and a study in healthy participants (12) have shown that DLPFC and VLPFC show various connections to other brain regions. Particularly with respect to the core motor network, both areas have been reported to show direct structural connections to multiple premotor areas; with DLPFC being primarily connected to PMd, and VLPFC to PMv. So far, neither the presence of such connections has been probed, nor have their topographical details been analyzed systematically in elderly healthy humans.

In patients after ischemic stroke, the present understanding of the contribution of PFC to motor functions is largely based on few functional imaging studies. These have reported, for instance, increased PFC activation after stroke for simple finger tapping (13), visuomotor grip tasks, particularly in more impaired patients (14), for timed hand movements (15) and during action-selection tasks (16). Motor imagery has been found to activate PFC in stroke patients (17) and to lead to enhanced excitatory coupling with PMd and SMA which might suggest a disease-specific role of cognitive related brain areas for movement preparation and planning to facilitate proper motor output (18). It has been argued that, in this way, PFC might contribute to the increasing neuronal output from the executive motor network to spinal cord motor neurons originating in premotor areas as well (14, 19). Moreover, the success of motor sequence learning after stroke has been related to PFC network activation (20, 21). This involvement in motor learning after stroke might render the PFC a potential substrate for continuous re-learning of lost motor functions during recovery (22).

Despite these data, most previous imaging studies, particularly those aiming at connectivity analyses like dynamic causal modeling (1), have largely neglected the PFC and its connections with premotor areas, often due to the lack of activation during simple motor tasks (1, 23). This is likely to continuously bias the present perception of the influence of the PFC after stroke in the motor domain besides its role in the cognitive domain (24). Similarly, a detailed analysis of the topography of prefrontal-premotor connections and their microstructural characteristics is still lacking, both in healthy participants and in stroke patients. Though, particularly such task-independent and tract-based structural analyses seem to be warranted and needed to extend our understanding of the importance of alternative brain networks (2) supporting motor outcome after stroke.

The present study was designed to address this topic of structural connectivity of prefrontal-premotor pathways. We aimed at reconstructing pathways between the DLPFC or the VLPFC and premotor areas such as PMd, PMv, and SMA, as well as the M1 by means of diffusion-based imaging and probabilistic tractography. On one hand, a group of older, healthy participants was examined to probe the presence and topography of these connections in vivo, and several diffusion metrics were used to quantify their microstructural properties. On the other hand, a group of well-recovered chronic stroke patients was analyzed. For this group, we hypothesized to find significant associations between the microstructural state of some of these fiber tracts and residual motor outcome. The presence or absence of such relationships might help to update priors for future studies aiming at analazing multiple motor networks simultaneously—both at the corticocortical and corticofugal level—to better understand the importance of various structural brain networks for motor recovery.



PARTICIPANTS AND METHODS


Subjects

Thirty well-recovered patients (64.2 ± 9.7 years old (SD), median 64, range 45–82, 21 male, 3 left-handed) were included 15.5 ± 7.7 months (range 6–44) after first-ever ischemic stroke with an upper extremity motor deficit. The lesions were mainly located in subcortical areas including the brainstem. Figure 1 illustrates the distribution of stroke lesions. A subgroup of these patients (n = 15) has been already included in a previous study on parietofrontal structural connectivity (25).The patients were evaluated clinically by means of the Fugl-Meyer assessment of the upper extremity (UEFM) (26), a measure of motor function, that is active movement ranges and synergies of proximal and distal muscles, and grip and pinch force values (given as proportional values affected/unaffected hand, mean value over 3 consecutive measurements for each hand) (27), measures of force and residual motor output. In addition to these individual parameters, all three scores were also combined to one composite motor outcome score (MO) (27) using a factor analysis with principal component extraction (first eigenvariate accounting for 67.6% of the variance in each variable). Demographic and clinical data are summarized in Supplementary Table 1. Twenty six healthy elderly participants of similar age and sex were also analyzed (66.4 ± 9.6 years old, median 69, range 48–79, 15 male, group comparison for age and sex, n.s.). The present study was approved by the local ethics committee (PV3777). All participants gave written informed consent according to the Declaration of Helsinki.


[image: image]

FIGURE 1. Stroke lesions. All masks of stroke lesions were brought to the right side and overlaid on a T1 template in MNI standard space. The color bar indicates the number of subjects in which voxels lay within a stroke lesion.





Brain Imaging

A 3T Siemens Skyra MRI scanner (Siemens, Erlangen, Germany) was used to acquire diffusion-weighted images as well as high-resolution T1-weighted images of the whole brain.

The diffusion-weighted images consisted of 75 axial slices with gradients (b = 1,500 s/mm2) applied along 64 non-collinear directions. The sequence parameters were: repetition time (TR) = 10,000 ms, echo time (TE) = 82 ms, field of view (FOV) = 256 × 204, slice thickness (ST) = 2 mm, in-plane resolution (IPR) = 2 × 2 mm. A three-dimensional magnetization-prepared, rapid acquisition gradient-echo sequence (MPRAGE) was used for high-resolution T1-weighted images. The sequence parameters were: TR = 2,500 ms, TE = 2.12 ms, FOV = 256 × 208 mm, 256 axial slices, ST = 0.94 mm and IPR = 0.83 × 0.83 mm.



Pre-processing and Mask Creation

The FSL software package 5.1 (http://www.fmrib.ox.ac.uk/fsl) was used to analyze the diffusion-weighted and anatomical images. Prior to brain extraction, correction of eddy currents and head motion was conducted. The diffusion tensor model was fitted to each voxel and fractional anisotropy (FA) maps were calculated. FSL's bedpostx was used to estimate the distribution of diffusion parameters in each voxel, modeling crossing fibers using Markov Chain Monte Carlo sampling. A non-linear co-registration of the anatomical images to the individual FA maps was conducted. Both the FA maps as well as the anatomical images were then registered non-linearly to the Montreal Neurological Institute (MNI) standard space. Based on the tensor information, maps for alternative diffusion metrics that are mean diffusivity (MD), axial (AD), and radial diffusivity (RD) were also calculated. For T1 segmentation, cortical parcellation and the calculation of the cortical seed and target masks, that are SMA, PMv, PMd, M1, DLPFC, and VLPFC, we used FSL's fast and the Freesurfer software (http://surfer.nmr.mgh.harvard.edu/). An in-house Matlab script (Mathworks, Natick, MA, US) was used to bias the masks for SMA, PMv, PMd, and M1 toward hand representations. Details on the mask calculations are given in the Supplementary Text 1 and also previous reports (25, 27).



Probabilistic Tractography

Structural connections were reconstructed from DLPFC and VLPFC to SMA, PMv, and PMd, respectively, applying probabilistic tractography via FSL's probtrackx in stroke patients and healthy participants. Also, we aimed to reconstruct probable trajectories between DLPFC and VLPFC and M1. First, 25,000 streamlines were sent from each voxel in the prefrontal seed masks VLPFC/DLPFC and also backward originating in the frontal motor masks. Both output distributions (backward/forward) (28) were then combined to estimate a tract-specific exclusion mask, in which a second tractography was conducted to control for erroneous trajectories. This procedure was already used in a previous study (25) and found to allow a reliable reconstruction of trajectories with, compared to others, small structural connectivity probabilities. The final probabilistic tractography distribution (28) was then analyzed applying four different thresholds from 1 to 10% (from more liberal to more restricted spatial extent). Tract-related mean FA, a widely used diffusion metric and surrogate parameter of white matter microstructure, was calculated for each tract and averaged across all four thresholds. Details on this procedure are given in Supplementary Text 2. Tract-related alternative diffusions metrics MD, AD, and RD values were also estimated to provide a more detailed picture about the microstructural characteristics of the prefrontal-premotor connections. Herein, as inverse measures of membrane density, MD and RD increases have been reported to parallel white matter demyelination, whereas AD decreases have been primarily correlated with axonal injury (29). Data of 26 healthy participants were also analyzed to allow for group comparisons. To account for the distribution of dominant and non-dominant hemispheres affected, the right and left hemispheres of the healthy participants were pseudo-randomly assigned to the “affected” (AH, right) and “unaffected” (UH, left) hemisphere, respectively. To assess the topographic distribution of each tract, we applied a center-of-gravity (COG) analysis along coronal slices in MNI space in steps of 2 mm from y = −40 to y = 70. Tract-related COG coordinate values were calculated for each participant, tract and threshold, and averaged across all thresholds in each slices. Only coordinates comprising values of at least two of the thresholds were considered.

As the corticospinal tract (CST) from M1 critically influences residual motor outcome after stroke (19), structure-function relationships for the corticocortical connections were analyzed by accounting for the integrity of the CST. Templates for this tract, originating from M1 hand area, derived from 26 healthy participants, were available for both sides from a previous study (27). Using these templates, tract-related FA values for the CST were calculated for the affected and unaffected hemispheres at the level from the mesencephalon to the cerebral peduncle (MNI: z = −25 to z = −20), given as proportional values affected/unaffected hemispheres.



Statistics

R (version 3.3.2) and RStudio (version 1.0.136) were used for the statistical analyses. R's lmer function for linear mixed-effects modeling with repeated measures was used to compare tract-related diffusion metrics (separate models for FA, MD, RD, AD values, each value as the dependent variable) for every tract of interest (effect TRACT) of both hemispheres (effect SIDE) between stroke patients and healthy participants (effect GROUP). Stepwise back elimination of relevant non-significant interactions (GROUP*TRACT*SIDE, GROUP*TRACT, GROUP*SIDE) and main effects was conducted for model simplification. The effects of age (AGE) and whether the dominant or non-dominant hemisphere was affected by the stroke (effect DOM) were included in the models as covariates. For group comparisons of COG coordinates of the tract locations, we used individual Student's t-tests (unpaired, 2-tailed). To explore structure-function relationships, we used R's lm function for multiple linear regression modeling. Separate models were fitted for each diffusion metric (FA, MD, RD, and AD) and with grip force, pinch force, UEFM, or MO, respectively, as the dependent variables. Here, AGE, DOM and also time after stroke (effect TAS) were included as covariates. Additionally, the level of damage to the CST was included in the models to account for its influence on motor outcome in chronic stroke patients (27). Post-hoc, we evaluated separate, additional models with lesion size (log-transformed) as another covariate to investigate its influence on structure-function relationships. Results are given as mean ± standard deviation (SD) or 95% confidence intervals (CI) as indicated. Statistical significance was assumed at P < 0.05 corrected by means of FDR correction (30), P-values were also reported as uncorrected values. The level of significance was indicated by asterisks, *P < 0.05, **P < 0.01, uncorrected.




RESULTS


Probabilistic Tractography of Prefrontal-Premotor Pathways

Probable trajectories connecting DLPFC and VLPFC with PMv, PMd, and SMA were reconstructed in the stroke patients and healthy participants. For PMv- and PMd-related connections we found similar spatial distributions across participants. As indicated by the center-of-gravity topographic analysis for DLPFC-derived tracts in Figure 2 and VLPFC in Figure 3 (see also Table 1 and Supplementary Figures 1, 2 for the results of the healthy participants), the majority of prefrontal-premotor pathways were located in the 2nd component of the superior longitudinal fascicle (SLF II). Trajectories connecting VLPFC and PMv appeared to be located rather in the 3rd than 2nd component (SLF III). With high spatial variability particularly in the stroke patients, SMA-related trajectories to DLPFC and VLPFC were partly located also in the 1st part of the superior longitudinal fascicle (SLF I) (25, 31, 32). Compared to the healthy participants, the patients showed a more laterocaudal mean distribution of DLPFC-SMA fibers in the unaffected hemisphere (Table 1). All other tracts did not show significant group differences in this coronal position. Overall, there was an anatomically plausible topographic distribution of prefrontal connections targeting SMA, PMv, and PMd with the connection of PMv to DLPFC/VLPFC being located in a ventrolateral position and DLPFC/VLPFC-PMd being located more medially. We also sought to reconstruct probable connections between DLPFC/VLPFC and M1. However, this did not result in successful tracking. In most cases the trajectories reconstructed by our approach included pathways through the primary sensory cortex (S1, postcentral gyrus). Hence, it was not possible to isolate direct connections from DLPFC/VLPFC to M1 from potential indirect connections via S1. Consequently, the connection between M1 and DLPFC/VLPFC was excluded from further analyses (data not shown).


[image: image]

FIGURE 2. Center-of-gravity analysis of prefrontal-premotor connections in chronic stroke patients (DLPFC). The mean center-of-gravity coordinate of all given tracts and patients was calculated from y = −40 to y = 70 (MNI standard space) in 2 mm steps. Notably, only those y-values were presented in which more than two thresholds contributed to the final coordinate. All individual tracts are shown on two sagital slices, one horizontal slice and one coronal slice at y = 10. Table 1 provides statistics on the center-of-gravity analysis at the coronal level. DLPFC, dorsolateral prefrontal cortex; PMd, dorsal premotor cortex; PMv, ventral premotor cortex; SMA, supplementary motor area.




[image: image]

FIGURE 3. Center-of-gravity analysis of prefrontal-premotor connections in chronic stroke patients (VLPFC). The mean center-of-gravity of all given tracts and patients was calculated from y = −40 to y = 70 (MNI standard space) in 2 mm steps. Notably, only those y-values were presented in which more than two thresholds contributed to the final coordinate. All individual tracts are shown on two sagital slices, one horizontal slice and one coronal slice at y = 10. Table 1 provides statistics on the center-of-gravity analysis at the coronal level. VLPFC, ventrolateral prefrontal cortex; PMd, dorsal premotor cortex; PMv, ventral premotor cortex; SMA, supplementary motor area.





Table 1. Tract-related centers-of-gravity of DLPFC/VLPFC connections at y = 10 (MNI) for stroke patients and healthy participants.
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Tract-Related White Matter Microstructure of Prefrontal-Premotor Connections

Linear mixed-effects models with repeated measures were estimated to compare tract-related microstructure between stroke patients and healthy participants. For tract-related FA, we did not find tract- and side-specific group differences (GROUP*TRACT*SIDE interaction: F = 1.58, P = 0.17). However, the simplified model showed a significant GROUP effect (F = 5.54, P = 0.02), indicating an unspecific, only marginal reduction of prefrontal-premotor FA in chronic stroke patients with estimated FA mean values [95% CI] of 0.33 [0.32–0.34] for patients and 0.34 [0.34–0.35] for healthy participants). Table 2 summarizes tract-related mean FA values for both hemispheres and both groups. Triple interaction was similarly not significantly contributing to the models for the other diffusion metrics MD (F = 1.75, P = 0.15), RD (F = 2.02, P = 0.10), and AD (F = 0.86, P = 0.51). For MD however, there was a significant GROUP*SIDE interaction (F = 13.80, P < 0.01) with only marginally increased tract-related MD in the tracts on the affected hemisphere in stroke patients compared to the healthy participants. Likewise, also RD values (GROUP*SIDE, F = 8.34, P < 0.01) and AD values were slightly higher in the lesioned hemisphere of the patients (GROUP*SIDE interaction: F = 20.50, P < 0.01). MD, RD, and AD mean values are given in Supplementary Table 3.



Table 2. Tract-related white matter microstructure in stroke patients and healthy participants.
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Tract-Related White Matter Microstructure and Residual Motor Outcome After Stroke

Individual multiple linear regression models were fitted for tract-related FA values for all prefrontal-premotor connections to estimate their influence on aspects of residual motor output in chronic stroke patients. Table 3 summarizes the estimated coefficients for each tract with uncorrected P-values following the exploratory approach of the present study. Of note, after post-hoc false-discovery-rate (FDR) correction for 48 tests (30), there was no significant association for any of the tracts of interest, neither for residual motor output (grip, pinch forces), motor functions (UEFM) nor gross motor outcome (MO). Without correction though, we observed a significant positive influence of tract-related FA and pinch force (P < 0.01) for the connection DLPFC-PMv of the unaffected hemisphere. However, for whole-hand grip force and UEFM, the same tract did not show a similar structure-function association (P = 0.46 and P = 0.47, respectively). In order to explore the nature of this relationship in more detail, we also analyzed tract-related MD, RD and AD values. For DLPFC-PMv of the unaffected hemisphere, we found negative correlations with pinch force values for MD and RD values (P < 0.01), tract-related AD was not related to pinch forces. Similarly, all other behavioral measures were not related to MD, RD, or AD values of this specific tract. Finally, there was a negative correlation between UEFM and tract-related FA for DLPFC-PMv (P = 0.045) for the affected and a positive correlation between UEFM and tract-related AD for VLPFC-PMv (P = 0.03) of the unaffected hemisphere. All other models did not show significant results (see Supplementary Tables 4–6 for estimated coefficients for tract-related MD, RD and AD values). Post-hoc, we explored whether lesion sizes (log-transformed) would influence these findings. However, including this additional covariate in the models did not change the present modeling results (see Supplementary Tables 7–10).



Table 3. Tract-related mean FA and residual motor output after stroke.
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DISCUSSION

In the present study, we determined the topography and microstructural state of prefrontal-premotor connections of the human brain in a group of healthy aged participants and well-recovered chronic stroke patients. The data show that prefrontal-premotor trajectories are traceable in both groups. Similar in gross anatomic topography, stroke patients presented only marginal microstructural alterations of these tracts, predominantly of the affected hemisphere. However, there was no clear evidence for a significant association between tract-related microstructure of prefrontal-premotor connections and residual motor functions after stroke.

Using probabilistic tractography, we were able to reconstruct probable trajectories connecting DLPFC and VLPFC with PMd, PMv, and SMA in older healthy participants and chronic stroke patients. For DLPFC, this was in good agreement with tracing data in monkeys reporting strong connections between DLPFC and the whole extent of PMv equivalent areas. For SMA and PMd, DLPFC-premotor trajectories have been found to be restricted only to premotor regions, which are connected to M1, with higher connectivity for SMA than for PMd (7). Other tracing studies have reported variable connection strengths for DLPFC-PMd (8–10). Previous tractography data in humans have shown comparable connection strengths for DLPFC-PMv and DLPFC-PMd (12). For VLPFC, pathways have been traced in monkeys to PMv and, to a lesser extent, also to PMd equivalent brain regions (8, 10, 11). Similar findings have been reported for humans (12). Hence, the available data for direct DLPFC/VLPFC-SMA connections in monkeys seem to be rather inconclusive. Given increased spatial variability of these connections also in our sample, the allocation of prefrontal-SMA trajectories to SLF I remains relatively vague and should be interpreted with caution. As these trajectories were found to cross from the lateral to the medial surface of the frontal lobe, other crossing fibers of the SLF are likely to influence the present tract reconstructions. More elaborated diffusion-based imaging techniques, e.g., based on constrained spherical deconvolution (33), might be helpful and needed to verify the present results. Nevertheless, the present study provides first topographic connectivity data for prefrontal-premotor pathways in healthy humans and also stroke patients in vivo. One study has already reported connection strengths for PMv and PMd in healthy participants, but has not investigated the topography of the underlying pathways (12). Here, PMv- and PMd-related connections of DLPFC and VLPFC could be largely allocated to SLF II and VLPFC-PMv trajectories to SLF III. In fact, these distributions are well in line with previous data in monkeys (34). Finally, for M1, our data corroborated previous monkey studies arguing against the existence of direct prefrontal-primary motor connection (7, 10, 35–37) indicating that prefrontal cortices are likely to influence the core motor network indirectly via premotor regions and not directly via M1.

We assessed tract-related microstructure by means of different diffusion metrics with a primary focus on tract-related mean FA as a surrogate parameter of white matter integrity, a complex, indirect measure influenced by axonal diameter and fiber density, coherence of fiber bundles and other biophysical properties (38). In order to draw a more complete picture, alternative diffusion metrics MD, RD and AD, were also assessed. We found an unspecific and only marginal reduction of tract-related FA of all tracts in the stroke patients with slightly increased tract-related MD, RD also AD values of the pathways of the affected hemisphere compared to that of the healthy participants. Previous whole brain analyses have revealed white matter changes in prefrontal-premotor brain regions in subacute (39) but not in chronic stroke patients (40, 41). The interpretation of these results (39) is neither simple nor straightforward due to technical limitations. The association fibers of the SLF investigated are crossed by corticofugal fibers, e.g., originating from the premotor areas. Thus, single voxels are likely to include multiple fiber populations with variable orientations. The validity of single-tensor derived measures is likely to be limited.

With regard to structure-function relationships, the present explorations of prefrontal-premotor and prefrontal-motor tracts did not reveal a relevant association between the microstructural properties of these tracts and residual motor outcome after stroke. There are some factors that might serve as potential explanations. First, the present sample included largely very well-recovered stroke patients in the chronic stage of recovery. In fact, previous task-related functional imaging studies have reported increased bilateral prefrontal brain activation for simple hand movements in severely impaired patients early after stroke (42) and in patients with variable deficits and intervals after stroke (41). Another study has found a negative correlation between bilateral DLPFC activation and CST integrity (14). In terms of network analyses, there is only very limited data on potential interactions of DLPFC with other brain regions and their relevance for motor output after stroke, both for task-dependent (18) and task-free resting-state analyses (43, 44). For instance, Park et al. have found in more impaired patients (mean UEFM at onset = 24) that early functional connectivity between ipsilesional M1 and contralesional DLPFC relates to motor output 6 months later (43). Hence, the present negative result overall might be explained by the high level of recovery and the time point after stroke and might change in more severely impaired patients in the acute or subacute phase after stroke. A future longitudinal study across various stages of recovery might add to a more detailed understanding of the importance of prefrontal-premotor connections for stroke recovery. Second, clinically relevant measures of residual motor output (grip and pinch forces) and motor function (UEFM) and their statistical combination via factor analysis were used to examine structure-behavior relationships in the stroke patients. Hence, the cognitive load of these tasks might have been too small for the present well-recovered stroke patients to uncover significant associations between prefrontal-premotor connections and motor function.

Some limitations of the present analysis are further worth to consider. First, patients with mainly subcortical lesions sparing prefrontal brain regions were included. To what extent our findings for prefrontal-premotor connections—remote from the lesion—can be generalized to patients with lesions directly affecting these connections remains a topic for future studies. Second, rather simple behavioral measures were used for structure-function analyses. To what extent structural properties of prefrontal-premotor connections might contribute to more complex functions (24), motor output and learning processes after stroke also remains to be investigated by future studies. For instance, cognitively more demanding tasks such as dual tasks might be able to uncover a functional importance of prefrontal-premotor structural connectivity in stroke patients. Third, based on clear a priori hypotheses, we focused on defined prefrontal-premotor connections at the cortical level. The present results are not exhaustive, and the state of other motor networks, such as prefrontal-subcortical (45) or prefrontal-cerebellar circuits, might also influence comparable analyses.
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Neurorehabilitation and brain stimulation studies of post-stroke patients suggest that action-observation effects can lead to rapid improvements in the recovery of motor functions and long-term motor cortical reorganization. Apraxia is a clinically important disorder characterized by marked impairment in representing and performing skillful movements [gestures], which limits many daily activities and impedes independent functioning. Recent clinical research has revealed errors of visuo-motor integration in patients with apraxia. This paper presents a rehabilitative perspective focusing on the possibility of action observation as a therapeutic treatment for patients with apraxia. This perspective also outlines impacts on neurorehabilitation and brain repair following the reinforcement of the perceptual-motor coupling. To date, interventions based primarily on action observation in apraxia have not been undertaken.
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INTRODUCTION

Apraxia encompasses a broad spectrum of higher-order purposeful movement disorders (1) and is most often associated with neurological damage to left-hemisphere (2). The accepted definition of apraxia includes deficits in performing, imitating, and recognizing skilled actions involved in the intentional movements, colloquially referred to as gestures (3). Pathological conditions such as apraxia result from an inability to evince the concept of specific actions (4) or to execute related motor programs (5). Classically, apraxia is diagnosed when a patient presents with an inability to execute gestures in response to verbal commands or imitate with different effectors (mouth, hand, or foot) (4), including movements involving the non-paretic limb ipsilateral to the lesion[s]. Although apraxia primarily affects motor activities, studies report that higher impairment levels may be related to visuo-motor integration (6). Recent evidence supports the notion that apraxia influences skilled acts in the environment, interferes with independent functioning, impedes daily activities, and affects the performance of routine self-care (7, 8); that is, persons may have difficulty brushing their teeth (9), eating (7), preparing food (10), and getting dressed (11). As a consequence, patients with apraxia can develop severe anxiety and reductions in the spontaneous use of social gestures (12), leading to isolation and depression (13) and consequent delays in returning to work (14).

Almost 50% of patients with left-hemispheric stroke (15) and ~35% of patients with Alzheimer's disease and corticobasal degeneration (16–18) develop apraxia that persists after illness onset and affects functional abilities. Research to aid in the development and optimization of apraxia neurorehabilitation is crucial. Several approaches for the treatment of apraxia deficits are currently in practice [for a review see (19, 20)], including verbal (21) or pictorial (22) facilitation and the use of physical cues based on repetitive behavioral-training programs with gesture-production exercises. The errorless completion method represents another recent approach (23). Autonomy in activities of daily living tends to be underestimated (24), and rehabilitation studies remain limited due to the nature of disturbances to automatic/voluntary dissociations (i.e., an ability to execute actions only in natural settings). To date, no rehabilitation treatment or therapeutic possibilities based primary on action observation has been studied in apraxia.



THE VALUE OF ACTION OBSERVATION IN TREATING APRAXIA

Language disorders among patients with apraxia who suffer from concomitant aphasia suggest that defects in gesture imitation, rather than gestures in response to verbal commands, are more sensitive indicators of apraxia (25). Goldenberg has proposed that imitation apraxia could be primarily considered a deficit of perceptual analysis (26). Evidence from several studies indicates that perceptual and motor codes are closely associated (27, 28) and that patients with apraxia may be defective both in performing motor acts and in the perceptual code necessary to represent the appropriate gesture. Sunderland and Sluman have shown, for example, that problems orienting a spoon in a bean-spooning task suggest an inability to remember the correct action and to judge the correctness of the perceived action (29).

Although apraxia is commonly considered a motor impairment, deficits in intact gestural perception are not uncommon, occurring in 33% of one sample (30). Such patients, who exhibit deficits in the execution of actions, also commit errors when judging between correctly and incorrectly performed acts (30–32), understanding the meaning of pantomimes (33, 34), discriminating among action-related sounds (35, 36), matching photographs of gestures (26), engaging visuo-motor temporal integration (6), and predicting incoming observed movements (37, 38).

Movement-execution effects in apraxia thus are not purely motor processes and visual representations of given actions may influence the actions' execution by visuo-motor transfer (39). The integrity of gesture representations has important implications for rehabilitation strategies (40). The spatial and temporal use of a body part for the planning of a tool-related action and the imitation of others' actions involve an inherent perceptual component, which can be disturbed following apraxia onset. As a result, modern assessments of apraxia include evaluations of gesture understanding (32, 41).



VISUAL-MOTOR STRATEGIES IN THE REHABILITATION OF PATIENTS WITH LIMB APRAXIA

The notion of common representations for both executed and observed actions is of considerable interest in the applied field of stroke neurorehabilitation (42, 43). Despite the use of state-of-the-art apraxia-evaluation batteries (44) to explore perceptual deficits in the understanding of actions in patients with apraxia, few studies have proposed new rehabilitation programs that include elements of both observation and execution of actions.

Smania et al.'s (45) clinical examinations of 43 left brain-damaged patients with apraxia revealed defective performances in gesture execution and imitation, as well as in the recognition and identification of transitive and intransitive gestures. For their study, approximately half of the patients received training in ecological action production and comprehension; the other half underwent conventional language rehabilitation for the same number of treatment hours. The training, which combined the observation and execution of observed actions, consisted of three progressive phases, each characterized by increasing degrees of difficulty, obtained by phased reductions of facilitation cues as performance improved. After ~30 sessions, therapists recorded significant improvements: approximately 50% improvement in the ADL scale and an average of 40% in the praxis test (22). When only considering apraxia patients with cortical lesions primarily in the fronto-parietal network, the improvement was even greater (45). No significant performance changes were observed in the outcome measures of control patients who did not undergo specific programs of gesture production/observation exercises. Interestingly, authors reported a significant improvement in gesture recognition performance after the apraxia treatment, and a correlation was found between gesture comprehension tests and the ADL questionnaire (ADL-gesture comprehension: R = 0.37, p = 0.034) (22). These results suggest that the positive effects of this rehabilitative approach in apraxia require parity in the treatment of both the motor and the perceptual aspects of action processing (45). Of note, beneficial effects persisted for at least 2 months and extended to the daily living activities even of untreated actions, helping patients attain functional independence from their caregivers (22).

Goldenberg and Hagmann (9) developed a particularly successful restorative method in which training comprised two different methods. The first aimed at helping patients to learn and correctly execute complete activities, with therapists providing different support at all clinical steps (e.g., by demonstrating gesture execution and asking patients to imitate them), and reducing the support only when patients were able to perform these steps on their own. The second aimed at directing patients' attention to the functional meaning of objects' individual features and details, critical for various actions. This two-step procedure ensured a double reinforcement of the action's perceptual-motor code: the first online within the simultaneity of the demonstration and the second off-line as a delayed imitation. The combination of these two methods led to significant improvements in trained ADL, but virtually no generalization of training effects was observed between trained and non-trained activities. The therapy's success was preserved among those patients who performed the activities at home but not among those who did not. In a subsequent study (46), the authors developed a slightly different variant to previous approaches in which patients carried out entire activities with a minimum of errors. In this approach, the functional commonalities between different objects were emphasized by providing verbal instructions and visual and gestural support. Effects of these treatments lasted up to 3 months after the treatment ended.

Compensatory treatment indicate that the patients showed large improvements in ADL functioning after rehabilitative programs aiming at teaching visual strategies to overcome the apraxic impairments during execution of everyday activities (47). Patients were taught strategies to compensate internally (e.g., self-verbalization or imagination) or externally (e.g., observation of pictorial cues) the distinct phases of a complex action, while performing the daily activities (47–50).

All described interventions included elements of visuo-motor integration and seemed to indicate that motor and visual relearning in these patients was inextricably intertwined (see Table 1).



Table 1. Apraxia intervention studies.
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Perceptual approach has been successfully applied to a different rehabilitative intervention showing how action observation has a positive effect on the performance of a specific motor skill [for a review see (41, 52, 53)]. Patients watch a specific motor act presented in a video clip or in a real demonstration, and simultaneously (or thereafter) performed the same action. A match (or mismatch) between visual signals and the gesture performed drive re-learning about how the limb should move in order to perform the motor act accurately (see Figure 1 for a hypothetical model on apraxia). Correctly reproducing temporal (56, 57), spatial (58), and body coding (59) helps characterize movements, facilitate the motor patterns that patients have to execute, and stimulate a rapid online correction of movement (58, 60, 61). Observation combined with physical practice in a congruent mode leads to increased motor cortex excitability, and synaptic and cortical map plasticity strengthens the memory trace of the motor act (62). Differently, rehabilitative training based on physical practice alone (300–1,000 daily repetitions) elicits only minimal neural reorganization (63). This combined visual-motor therapy has been shown to improve motor performance in patients that suffered a chronic stroke (64–86), patients with Parkinson's disease (87–92), children with cerebral palsy (93–97) and elderly individuals with reduced cognitive abilities (98). Electrophysiological studies have also reported positive effects of action observation on the recovery of motor functions after acute and chronic stroke (71, 99). This non-invasive, inexpensive, user-friendly approach works more quickly on biological effectors (mouth, limbs, and trunk), promoting better and faster recovery.
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FIGURE 1. Hypothetical model for performing and recognizing a transitive action [adapted from (54) and (55)]. Failures in performing or recognizing gestures may occur because of damage at any stage in the directional flow between perceiving (input) and performing (output) the action. The observation of a video clip or a real demonstration of action can have a positive effect on the selection and retrieval of the correct movement. In figure the example of grasping a cup of coffee. After the correct visual identification of the object as a cup, patients with apraxia have a difficult retrieval of the correct action associated with that object. When an incorrect movement is performed, a discrepancy occurs between the (correct) action observed on the model and the perception of own (incorrect) performed gesture. Combining motor training and action observation may enhance the relearning of daily actions and strengthen the visuo-motor coupling.





A NEURAL SUBSTRATE FOR ACTION OBSERVATION AND EXECUTION IN APRAXIA REHABILITATION

The inextricable link between action perception and execution was first posited in the ideomotor theory, which has been validated through delineation of the brain network, known as the mirror neuron system (MNS). Inspired by single-cell (“mirror neuron”) recordings in monkeys (100, 101), many neuroimaging and neurophysiological studies have suggested that the adult human brain is equipped with neural systems and mechanisms that represent both the visual perception and execution of actions in a common format (102). Action deficits among the patients with apraxia may be described at multiple levels. While these levels partially overlap, four levels of hierarchical modeling at which an MNS mechanism can support an observed action (42, 103) are as follows:

(i) kinematic: Patients with apraxia frequently present with abnormalities in kinematic movements in the form of motor patterns that are slower, shorter, and less vertical than those of individuals without apraxia (104);

(ii) motor: Limb apraxia interferes with the selection and control of the hand-muscle activity (105). Moreover, it interferes with the formation of appropriate hand configurations for using objects (106);

(iii) goal: Understanding the immediate purpose of an action is impeded; for example, patients with apraxia are impaired access to mental representation of tool use (33);

(iv) intention: Patients present with an altered ability to monitor the early planning phases of their own actions (107).

The cortical areas have been shown to contain mirror neurons that are often described as a part of an integrated sensorimotor information system underpinned by neural activity in the frontal (103), parietal (108), and superior temporal sulcus areas. This system is called the action observation network (AON) (109). In humans, these cortical regions mediate the observation of actions that form a part of the observer's motor repertoire (41). They also contribute to the imitation (110) and comprehension (111) of these movements, and are involved in skill acquisition (112). Lesion symptom mapping studies have reported gestural deficits in patients with apraxia, which are most frequently apparent following lesions in the inferior frontal lobe (30, 113–116), and in supramarginal and angular gyrus (37, 113, 115, 117) of the left hemisphere. However, apraxia has also been observed in patients with damage in posterior middle temporal lobe, anterior temporal lobe (37, 113, 115, 117), occipital, and subcortical regions (6, 118, 119). Despite the damaged neural substrate was not constant across all the studies, it includes the areas that are considered crucial for the AON. Undoubtedly, the mirror neurons just provide a part of the complex information for achieving action comprehension while action recognition and production occur simultaneously by accessing the same neural representations. However, as posited by the influential cognitive neuropsychological models of apraxia (120, 121) and demonstrated by various clinical studies (121–124), the range of possible dissociations between action execution and action understanding that can occur in patients with apraxia is quite multifaceted and cannot be explained by a mere action mirroring mechanism nor by a single lesion locus. Impairments in the visual recognition of action paralleled deficits in performing these actions could depend on both common and distinct neural localization, most of which could be external to mirror regions. Failures in imitating or in recognizing gestures may occur because of damage at any level in the process between perceiving (input lexicon) and performing (output lexicon) an action (120, 121). Indeed, some apraxic patients show deficits in the recognition/discrimination of the gestures, some do not [for a review (125)]. Theoretical and empirical studies suggest that complementary routes to action understanding taking place on the dorso-dorsal and ventro-dorsal stream (126, 127). Lesion in ventral-dorsal stream may impede the top-down activation of motor engrams. It may produce disturbances in the on-line selection and integration of distinctive and relevant motor acts that ensure a high recognizability of the gesture (117). This can be responsible for the disordered motor planning, imitation, and motor-memory recall of gesture movements found in patients with apraxia (126, 127). As has been briefly shown, many questions remain, and there may be more than one mechanism leading to apraxia disturb. Given the complexity of the impairment and the separate neural substrates that are typically affected in apraxia, treatments related to action observation to support action execution or relearning of gestures of daily living, can be planned.



NEUROREHABILITATION AND BRAIN REPAIR AFTER APRAXIA

The behavioral success of rehabilitation methods based on the principle of action observation should promote reorganization by adaptive plasticity at the neural level (128, 129). Functional reorganization clearly depends on the residual neural integrity of efferent (motor) and afferent (sensory) information, which leads to improved treatment outcomes among some apraxia patients but not for others. In this perspective, we considered three possible sources of informational content for how neurorehabilitation and brain repair after apraxia works: injury site, elapsed time after apraxia onset, and lesion size.

The first factor to consider is the location of the infarct, which can ultimately determine the outcome of rehabilitation treatment. Whereas, lesions of the frontal and parietal cortices in the left hemisphere have been shown to primarily disrupt gesture production in patients with apraxia (2), no clear correlation has been found between lesion location and impairment in visual gesture representation. Apraxic patients with cortical lesions—but not those with subcortical lesions—cannot comprehend the meaning of gestures (130). In rare cases, a lesion in the left occipito-temporal cortex may also critically hamper the ability to recognize gestures in patients with apraxia (120, 131). Patients with parietal lesions have also been reported to exhibit significant impairments in executing gestures but only slight impairments in understanding those performed by others (132). The neural specificity of this disturbed typology may explain why certain patients with apraxia are able to comprehend the meaning of gestures despite being unable to perform them themselves. Accordingly, single-case and group studies report dissociations between action execution and representation and the underpinning damaged neural substrate (121–124). Efficiency and speed of the therapeutic means of action observation depend partly on the different roles that intact and damaged brain regions play in both action production and recognition (125, 133). Neural damage to a functional system can be partial, and studies in monkeys seem to suggest that the frontal and parietal cortices are neurally equipped for such divisions of labor (134).

Several studies have documented that neurorehabilitation techniques involving observation strategies among brain-damaged patients induce long-lasting neural changes in the motor cortex, potentiating activity in the affected areas. In brain-damaged patients, TMS studies have found direct evidence of increased motor-cortex excitability (84), and synaptic and cortical map plasticity have been documented using fMRI (75). TMS studies have also indicated that action observation alone is able to drive reorganization in the primary motor cortex, strengthening the motor memory of observed actions among young (135) and elderly subjects (mean ages: 34 and 65 years, respectively) (98) and among chronically brain-damaged patients (84). Additionally, a study reported positive effects on gesture imitation of anodal transcranial direct current stimulation (tDCS) on the left parietal compared to sham tDCS, supporting the view that apraxia disorders in Parkinson (136) and in brain left damaged patients (51) can be improved by stimulating distinct structures.

A second factor to consider is the temporal stage of the illness. The neural substrates of action production and comprehension could be associated with different physiological mechanisms at different temporal stages of apraxia. Frontal and parietal areas may become temporarily inactive because of cerebral edema and intracranial hypertension, hemodynamic signs of ischemic penumbra, or local inflammatory effects in acute but not chronic stages of apraxia (137). Different studies report that during early periods (including an acute four-week, post-onset phase), impaired gesture recognition may be associated with left frontal–lobe and basal-ganglia lesions (138), whereas in the chronic stages of the illness, these deficits can be associated with left-parietal lesions (32, 37).

In practice, transitory effects such as the inability to mimic actions from visual cues are often observed in apraxia's early stages. If so, an observation intervention in early therapy may be inefficacy.

During later apraxia stages, a close overlap of the networks underlying observation and execution, as indicated by advanced neuroimaging and the lesion locations studies in patients, are helpful in identifying patient in which observative approach is potentially useful. Observation therapy associated with adaptive neurophysiological and neurometabolic changes can be conducted even several years after stroke onset. A session of 4 weeks of active, 18 days-cycle visual/motor training has been found to significantly enhance motor function, with increases in the activity of specific motor areas that possess mirror properties (75). Massed, high-frequency rehabilitative training (300–1,000 daily repetitions) is needed to elicit minimal neural reorganization (63). These increases in cortical activity during both action observation and execution also tend to be present in the hemispheres (139, 140) close to and far from the lesion site.

A third possible factor to consider is that the failure to link perceptual and motor representations in apraxia treatment may be an effect of infarct size; larger lesions are more likely to include front parietal injury and may not benefit from observation treatment. Indeed, improvements in imitation (reproduction off-line of the observed gesture) in patients with apraxia are influenced by the size of the parietal lesion (51): the larger the left parietal damage, the smaller the tDCS treatment-related improvement. When a functional system is completely damaged, however, recovery is achieved largely by process of substitution and may depend on the implicit engagement of neural systems to take over the functions of the damaged areas (141).

Whereas, some systems may constitute the sites of gesture performance, others may reduce the impact of deficits (142) by stimulating coupled visual knowledge mechanisms (98). The integrity of both the frontal and parietal cortices might be crucial for re-learning as a result of motor mirroring. Nonetheless, non-injured cortical areas could also trigger additional, independent internal mechanisms that support but are not necessary for guiding the motor system to match vision with motor routines (143, 144). Studies on the neural representations of motor skills based on observations of the motor cortex of macaque monkeys (145) and humans (146) provide empirical support for such an alternative system. These studies suggest that congruent activity during action execution/observation occurs even outside the canonical “mirror area,” representing a potential general property of the motor system. Targeting interventions on the basis of specific brain structures intact and damaged that could mediate the effects of training is an important future challenge in cognitive neurorehabilitation.



CONCLUSION

While research on the relationship between observed and executed actions in apraxia neurorehabilitation has a short history, it has already provided insights about the positive effect of a visual-motor training. The observation of actions through a process of visual retrieval may help in the selection of the most probable action, providing a powerful tool for overcoming intentional motor-gestural difficulties (55). Moreover, tailored interventions based on individual's ability to acquire new (or relearn old) motor-memory traces through multisensory [i.e., auditory (35, 147), olfactory (148, 149), and tactile (150–155)] feedback may be the most promising approach for a normal temporal integration action (156, 157). Multisensory stimulation can activate multiple cortical brain structures, inducing cortical reorganization and modulating motor cortical excitability for the stimulated afferents (158, 159). Results are encouraging, but it is important to emphasize that this hypothesis does not imply that all deficits in apraxia can be treated by action observation therapy. Rather, we believe that action observation might be a therapeutic option for improving praxis function among certain specific typologies of patients.



AUTHOR CONTRIBUTIONS

MP: study concept and design, manuscript development, and writing. GG: contributed to the writing of the manuscript.



FUNDING

This work was supported by the Italian Ministry of Health (RF-2018-12365682 to MP).



REFERENCES

 1. Leiguarda RC, Marsden CD. Limb apraxias: higher-order disorders of sensorimotor integration. Brain. (2000) 123(Pt 5):860–79. doi: 10.1093/brain/123.5.860

 2. Haaland KY, Harrington DL, Knight RT. Neural representations of skilled movement. Brain. (2000) 123(Pt 11):2306–13. doi: 10.1093/brain/123.11.2306

 3. Rothi LJ, Heilman KM. Acquisition and retention of gestures by apraxic patients. Brain Cogn. (1984) 3:426–37. doi: 10.1016/0278-2626(84)90032-0

 4. Petreska B, Adriani M, Blanke O, Billard AG. Apraxia: a review. Prog Brain Res. (2007) 164:61–83. doi: 10.1016/S0079-6123(07)64004-7

 5. Wheaton LA, Hallett M. Ideomotor apraxia: a review. J Neurol Sci. (2007) 260:1–10. doi: 10.1016/j.jns.2007.04.014

 6. Nobusako S, Ishibashi R, Takamura Y, Oda E, Tanigashira Y, Kouno M, et al. Distortion of visuo-motor temporal integration in apraxia: evidence from delayed visual feedback detection tasks and voxel-based lesion-symptom mapping. Front Neurol. (2018) 9:709. doi: 10.3389/fneur.2018.00709

 7. Foundas AL, Macauley BL, Raymer AM, Maher LM, Heilman KM, Gonzalez Rothi LJ. Ecological implications of limb apraxia: evidence from mealtime behavior. J Int Neuropsychol Soc. (1995) 1:62–6. doi: 10.1017/S1355617700000114

 8. Hanna-Pladdy B, Heilman KM, Foundas AL. Ecological implications of ideomotor apraxia: evidence from physical activities of daily living. Neurology. (2003) 60:487–90. doi: 10.1212/WNL.60.3.487

 9. Goldenberg G, Hagmann J. Therapy of activities of daily living in patients with apraxia. Neuropsychol Rehabil. (1998) 8:123–41. doi: 10.1080/713755559

 10. van Heugten CM, Dekker J, Deelman BG, Stehmann-Saris JC, Kinebanian A. Rehabilitation of stroke patients with apraxia: the role of additional cognitive and motor impairments. Disabil Rehabil. (2000) 22:547–54. doi: 10.1080/096382800416797

 11. Sunderland A, Walker CM, Walker MF. Action errors and dressing disability after stroke: an ecological approach to neuropsychological assessment and intervention. Neuropsychol Rehabil. (2006) 16:666–83. doi: 10.1080/09602010500204385

 12. Borod JC, Fitzpatrick PM, Helm-Estabrooks N, Goodglass H. The relationship between limb apraxia and the spontaneous use of communicative gesture in aphasia. Brain Cogn. (1989) 10:121–31. doi: 10.1016/0278-2626(89)90079-1

 13. Tabaki NE, Vikelis M, Besmertis L, Vemmos K, Stathis P, Mitsikostas DD. Apraxia related with subcortical lesions due to cerebrovascular disease. Acta Neurol Scand. (2010) 122:9–14. doi: 10.1111/j.1600-0404.2009.01224.x

 14. Saeki S, Ogata H, Okubo T, Takahashi K, Hoshuyama T. Factors influencing return to work after stroke in Japan. Stroke. (1993) 24:1182–5. doi: 10.1161/01.STR.24.8.1182

 15. Zwinkels A, Geusgens C, van de Sande P, Van Heugten C. Assessment of apraxia: inter-rater reliability of a new apraxia test, association between apraxia and other cognitive deficits and prevalence of apraxia in a rehabilitation setting. Clin Rehabil. (2004) 18:819–27. doi: 10.1191/0269215504cr816oa

 16. Hodges JR, Bozeat S, Lambon Ralph MA, Patterson K, Spatt J. The role of conceptual knowledge in object use evidence from semantic dementia. Brain. (2000) 123:1913–25. doi: 10.1093/brain/123.9.1913

 17. Holl AK, Ille R, Wilkinson L, Otti DV, Hödl E, Herranhof B, et al. Impaired ideomotor limb apraxia in cortical and subcortical dementia: a comparison of Alzheimer's and Huntington's disease. Neurodegener Dis. (2011) 8:208–15. doi: 10.1159/000322230

 18. Nelissen N, Pazzaglia M, Vandenbulcke M, Sunaert S, Fannes K, Dupont P, et al. Gesture discrimination in primary progressive aphasia: the intersection between gesture and language processing pathways. J Neurosci. (2010) 30:6334–41. doi: 10.1523/JNEUROSCI.0321-10.2010

 19. Cantagallo A, Maini M, Rumiati RI. The cognitive rehabilitation of limb apraxia in patients with stroke. Neuropsychol Rehabil. (2012) 22:473–88. doi: 10.1080/09602011.2012.658317

 20. Worthington A. Treatments and technologies in the rehabilitation of apraxia and action disorganisation syndrome: a review. Neurorehabilitation. (2016) 39:163–74. doi: 10.3233/NRE-161348

 21. French B, Thomas LH, Coupe J, McMahon NE, Connell L, Harrison J, et al. Repetitive task training for improving functional ability after stroke. Cochrane Database Syst Rev. (2007) 11:CD006073. doi: 10.1002/14651858.CD006073.pub2

 22. Smania N, Aglioti SM, Girardi F, Tinazzi M, Fiaschi A, Cosentino A, et al. Rehabilitation of limb apraxia improves daily life activities in patients with stroke. Neurology. (2006) 67:2050–2. doi: 10.1212/01.wnl.0000247279.63483.1f

 23. Buxbaum LJ, Haaland KY, Hallett M, Wheaton L, Heilman KM, Rodriguez A, et al. Treatment of limb apraxia: moving forward to improved action. Am J Phys Med Rehabil. (2008) 87:149–61. doi: 10.1097/PHM.0b013e31815e6727

 24. Etcharry-Bouyx F, Le Gall D, Jarry C, Osiurak F. Gestural apraxia. Rev Neurol. (2017) 173:430–9. doi: 10.1016/j.neurol.2017.07.005

 25. Wang L, Goodglass H. Pantomime, praxis, and aphasia. Brain Lang. (1992) 42:402–18. doi: 10.1016/0093-934X(92)90076-Q

 26. Goldenberg G. Matching and imitation of hand and finger postures in patients with damage in the left or right hemispheres. Neuropsychologia. (1999) 37:559–66. doi: 10.1016/S0028-3932(98)00111-0

 27. Hommel B, Musseler J, Aschersleben G, Prinz W. The Theory of Event Coding (TEC): a framework for perception and action planning. Behav Brain Sci. (2001) 24:849–78. doi: 10.1017/S0140525X01000103

 28. Schutz-Bosbach S, Prinz W. Perceptual resonance: action-induced modulation of perception. Trends Cogn Sci. (2007) 11:349–55. doi: 10.1016/j.tics.2007.06.005

 29. Sunderland A, Sluman SM. Ideomotor apraxia, visuomotor control and the explicit representation of posture. Neuropsychologia. (2000) 38:923–34. doi: 10.1016/S0028-3932(00)00021-X

 30. Pazzaglia M, Smania N, Corato E, Aglioti SM. Neural underpinnings of gesture discrimination in patients with limb apraxia. J Neurosci. (2008) 28:3030–41. doi: 10.1523/JNEUROSCI.5748-07.2008

 31. Heilman KM, Rothi LJ, Valenstein E. Two forms of ideomotor apraxia. Neurology. (1982) 32:342–6. doi: 10.1212/WNL.32.4.342

 32. Kalenine S, Buxbaum LJ, Coslett HB. Critical brain regions for action recognition: lesion symptom mapping in left hemisphere stroke. Brain. (2010) 133:3269–80. doi: 10.1093/brain/awq210

 33. Rothi LJ, Heilman KM, Watson RT. Pantomime comprehension and ideomotor apraxia. J Neurol Neurosurg Psychiatry. (1985) 48:207–10. doi: 10.1136/jnnp.48.3.207

 34. Weiss PH, Rahbari NN, Hesse MD, Fink GR. Deficient sequencing of pantomimes in apraxia. Neurology. (2008) 70:834–40. doi: 10.1212/01.wnl.0000297513.78593.dc

 35. Pazzaglia M, Pizzamiglio L, Pes E, Aglioti SM. The sound of actions in apraxia. Curr Biol. (2008) 18:1766–72. doi: 10.1016/j.cub.2008.09.061

 36. Mutha PK, Stapp LH, Sainburg RL, Haaland KY. Motor adaptation deficits in ideomotor apraxia. J Int Neuropsychol Soc. (2017) 23:139–49. doi: 10.1017/S135561771600120X

 37. Fontana AP, Kilner JM, Rodrigues EC, Joffily M, Nighoghossian N, Vargas CD, et al. Role of the parietal cortex in predicting incoming actions. NeuroImage. (2012) 59:556–64. doi: 10.1016/j.neuroimage.2011.07.046

 38. Pazzaglia M. Does what you hear predict what you will do and say? Behav Brain Sci. (2013) 36:370–1. doi: 10.1017/S0140525X12002804

 39. Pazzaglia M. Impact commentaries. Action discrimination: impact of apraxia. J Neurol Neurosurg Psychiatry. (2013) 84:477–8. doi: 10.1136/jnnp-2012-304817

 40. Buxbaum LJ, Randerath J. Limb apraxia and the left parietal lobe. Handb Clin Neurol. (2018) 151:349–63. doi: 10.1016/B978-0-444-63622-5.00017-6

 41. Pazzaglia M, Galli G. Translating novel findings of perceptual-motor codes into the neuro-rehabilitation of movement disorders. Front Behav Neurosci. 9:222. doi: 10.3389/fnbeh.2015.00222

 42. Garrison KA, Winstein CJ, Aziz-Zadeh L. The mirror neuron system: a neural substrate for methods in stroke rehabilitation. Neurorehabil Neural Repair. (2010) 24:404–12. doi: 10.1177/1545968309354536

 43. Small SL, Buccino G, Solodkin A. The mirror neuron system and treatment of stroke. Dev Psychobiol. (2012) 54:293–310. doi: 10.1002/dev.20504

 44. Bartolo A, Cubelli R, Della Sala S. Cognitive approach to the assessment of limb apraxia. Clin Neuropsychol. (2008) 22:27–45. doi: 10.1080/13854040601139310

 45. Smania N, Girardi F, Domenicali C, Lora E, Aglioti S. The rehabilitation of limb apraxia: a study in left-brain-damaged patients. Arch Phys Med Rehabil. (2000) 81:379–88. doi: 10.1053/mr.2000.6921

 46. Goldenberg G, Daumuller M, Hagmann S. Assessment and therapy of complex activities of daily living in apraxia. Neuropsychol Rehabil. (2001) 11:147–69. doi: 10.1080/09602010042000204

 47. van Heugten CM, Dekker J, Deelman BG, van Dijk AJ, Stehmann-Saris JC, Kinebanian A. Outcome of strategy training in stroke patients with apraxia: a phase II study. Clin Rehabil. (1998) 12:294–303. doi: 10.1191/026921598674468328

 48. Donkervoort M, Dekker J, Stehmann-Saris FC, Deeolman BG. Efficacy of strategy training in left hemisphere stroke patients with apraxia: a randomised clinical trial. Neuropsychol Rehabil. (2001) 11:549–66. doi: 10.1080/09602010143000093

 49. Geusgens CA, van Heugten CM, Cooijmans JP, Jolles J, van den Heuvel WJ. Transfer effects of a cognitive strategy training for stroke patients with apraxia. J Clin Exp Neuropsychol. (2007) 29:831–41. doi: 10.1080/13803390601125971

 50. Geusgens C, van Heugten C, Donkervoort M, van den Ende E, Jolles J, van den Heuvel W. Transfer of training effects in stroke patients with apraxia: an exploratory study. Neuropsychol Rehabil. (2006) 16:213–29. doi: 10.1080/09602010500172350

 51. Bolognini N, Convento S, Banco E, Mattioli F, Tesio L, Vallar G. Improving ideomotor limb apraxia by electrical stimulation of the left posterior parietal cortex. Brain. (2015) 138:428–39. doi: 10.1093/brain/awu343

 52. Buccino G. Action observation treatment: a novel tool in neurorehabilitation. Philos Trans R Soc Lond Ser B Biol Sci. (2014) 369:20130185. doi: 10.1098/rstb.2013.0185

 53. Oouchida Y, Suzuki E, Aizu N, Takeuchi N, Izumi SI. Applications of observational learning in neurorehabilitation. Int J Phys Med Rehabil. (2013) 1:146. doi: 10.4172/2329-9096.1000146

 54. Rothi LJ, Heilman KM. Apraxia, the Neuropsychology of Action. Hove: Psychology Press (1997).

 55. Pazzaglia M, Galli G. Loss of agency in apraxia. Front Hum Neurosci. (2014) 8:751. doi: 10.3389/fnhum.2014.00751

 56. Badets A, Blandin Y, Wright DL, Shea CH. Error detection processes during observational learning. Res Q Exerc Sport. (2006) 77:177–84. doi: 10.1080/02701367.2006.10599352

 57. Badets A, Blandin Y, Shea CH. Intention in motor learning through observation. Q J Exp Psychol. (2006) 59:377–86. doi: 10.1080/02724980443000773

 58. Heyes CM, Foster CL. Motor learning by observation: evidence from a serial reaction time task. Q J Exp Psychol. (2002) 55:593–607. doi: 10.1080/02724980143000389

 59. Buchanan JJ, Dean NJ. Specificity in practice benefits learning in novice models and variability in demonstration benefits observational practice. Psychol Res. (2010) 74:313–26. doi: 10.1007/s00426-009-0254-y

 60. Hecht H, Vogt S, Prinz W. Motor learning enhances perceptual judgment: a case for action-perception transfer. Psychol Res. (2001) 65:3–14. doi: 10.1007/s004260000043

 61. Casile A, Giese MA. Nonvisual motor training influences biological motion perception. Curr Biol. (2006) 16:69–74. doi: 10.1016/j.cub.2005.10.071

 62. Rosenkranz K, Williamon A, Rothwell JC. Motorcortical excitability and synaptic plasticity is enhanced in professional musicians. J Neurosci. (2007) 27:5200–6. doi: 10.1523/JNEUROSCI.0836-07.2007

 63. Kleim JA, Hogg TM, VandenBerg PM, Cooper NR, Bruneau R, Remple M. Cortical synaptogenesis and motor map reorganization occur during late, but not early, phase of motor skill learning. J Neurosci. (2004) 24:628–33. doi: 10.1523/JNEUROSCI.3440-03.2004

 64. Sale P, Franceschini M. Action observation and mirror neuron network: a tool for motor stroke rehabilitation. Eur J Phys Rehabil Med. (2012) 48:313–8.

 65. Franceschini M, Ceravolo MG, Agosti M, Cavallini P, Bonassi S, Dall'Armi V, et al. Clinical relevance of action observation in upper-limb stroke rehabilitation: a possible role in recovery of functional dexterity. A randomized clinical trial. Neurorehabil Neural Repair. (2012) 26:456–62. doi: 10.1177/1545968311427406

 66. Sale P, Ceravolo MG, Franceschini M. Action observation therapy in the subacute phase promotes dexterity recovery in right-hemisphere stroke patients. Biomed Res Int. (2014) 2014:457538. doi: 10.1155/2014/457538

 67. Park HR, Kim JM, Lee MK, Oh DW. Clinical feasibility of action observation training for walking function of patients with post-stroke hemiparesis: a randomized controlled trial. Clin Rehabil. (2014) 28:794–803. doi: 10.1177/0269215514523145

 68. Bang DH, Shin WS, Kim SY, Choi JD. The effects of action observational training on walking ability in chronic stroke patients: a double-blind randomized controlled trial. Clin Rehabil. (2013) 27:1118–25. doi: 10.1177/0269215513501528

 69. Kim SS, Kim TH, Lee BH. Effects of action observational training on cerebral hemodynamic changes of stroke survivors: a fTCD study. J Phys Ther Sci. (2014) 26:331–4. doi: 10.1589/jpts.26.331

 70. Bonifazi S, Tomaiuolo F, Altoè G, Ceravolo MG, Provinciali L, Marangolo P. Action observation as a useful approach for enhancing recovery of verb production: new evidence from aphasia. Eur J Phys Rehabil Med. (2013) 49:473–81.

 71. Marangon M, Priftis K, Fedeli M, Masiero S, Tonin P, Piccione F. Lateralization of motor cortex excitability in stroke patients during action observation: a TMS study. Biomed Res. Int. (2014) 2014:251041. doi: 10.1155/2014/251041

 72. Brunner IC, Skouen JS, Ersland L, Gruner R. Plasticity and response to action observation: a longitudinal FMRI study of potential mirror neurons in patients with subacute stroke. Neurorehabil Neural Repair. (2014) 28:874–84. doi: 10.1177/1545968314527350

 73. Ertelt D, Binkofski F. Action observation as a tool for neurorehabilitation to moderate motor deficits and aphasia following stroke. Neural Regener Res. (2012) 7:2063–74. doi: 10.3969/j.issn.1673-5374.2012.26.008

 74. Ertelt D, Hemmelmann C, Dettmers C, Ziegler A, Binkofski F. Observation and execution of upper-limb movements as a tool for rehabilitation of motor deficits in paretic stroke patients: protocol of a randomized clinical trial. BMC Neurol. (2012) 12:42. doi: 10.1186/1471-2377-12-42

 75. Ertelt D, Small S, Solodkin A, Dettmers C, McNamara A, Binkofski F, et al. Action observation has a positive impact on rehabilitation of motor deficits after stroke. Neuroimage. (2007) 36(Suppl. 2):T164–73. doi: 10.1016/j.neuroimage.2007.03.043

 76. Franceschini M, Agosti M, Cantagallo A, Sale P, Mancuso M, Buccino G. Mirror neurons: action observation treatment as a tool in stroke rehabilitation. Eur J Phys Rehabil Med. (2010) 46:517–23.

 77. Kim E, Kim K. Effect of purposeful action observation on upper extremity function in stroke patients. J Phys Ther Sci. (2015) 27:2867–9. doi: 10.1589/jpts.27.2867

 78. Harmsen WJ, Bussmann JB, Selles RW, Hurkmans HL, Ribbers GM. A mirror therapy-based action observation protocol to improve motor learning after stroke. Neurorehabil Neural Repair. (2015) 29:509–16. doi: 10.1177/1545968314558598

 79. Dettmers C, Nedelko V, Hassa T, Starrost K, Schoenfeld MA. “Video Therapy”: promoting hand function after stroke by action observation training – a pilot randomized controlled trial. Int J Phys Med Rehabil. (2014) 2:189. doi: 10.4172/2329-9096.1000189

 80. Zhu M-H, Wang J, Gu X-D, Shi M-F, Zeng M, Wang C-Y, et al. Effect of action observation therapy on daily activities and motor recovery in stroke patients. Int J Nurs Sci. (2015) 2:279–82. doi: 10.1016/j.ijnss.2015.08.006

 81. Kim C, Bang D. Action observation training enhances upper extremity function in subacute stroke survivor with moderate impairment: a double-blind, randomized controlled pilot trial. J Korean Soc Phys Med. (2016) 11:133–40. doi: 10.13066/kspm.2016.11.1.133

 82. Kuk EJ, Kim JM, Oh DW, Hwang HJ. Effects of action observation therapy on hand dexterity and EEG-based cortical activation patterns in patients with post-stroke hemiparesis. Top Stroke Rehabil. (2016) 23:318–25. doi: 10.1080/10749357.2016.1157972

 83. Fu J, Zeng M, Shen F, Cui Y, Zhu M, Gu X, et al. Effects of action observation therapy on upper extremity function, daily activities and motion evoked potential in cerebral infarction patients. Medicine. (2017) 96:e8080. doi: 10.1097/MD.0000000000008080

 84. Celnik P, Webster B, Glasser DM, Cohen LG. Effects of action observation on physical training after stroke. Stroke. (2008) 39:1814–20. doi: 10.1161/STROKEAHA.107.508184

 85. Cowles T, Clark A, Mares K, Peryer G, Stuck R, Pomeroy V. Observation-to-imitate plus practice could add little to physical therapy benefits within 31 days of stroke: translational randomized controlled trial. Neurorehabil Neural Repair. (2013) 27:173–82. doi: 10.1177/1545968312452470

 86. Lee D, Roh H, Park J, Lee S, Han S. Drinking behavior training for stroke patients using action observation and practice of upper limb function. J Phys Ther Sci. (2013) 25:611–4. doi: 10.1589/jpts.25.611

 87. Pelosin E, Bove M, Ruggeri P, Avanzino L, Abbruzzese G. Reduction of bradykinesia of finger movements by a single session of action observation in Parkinson disease. Neurorehabil Neural Repair. (2013) 27:552–60. doi: 10.1177/1545968312471905

 88. Buccino G, Gatti R, Giusti MC, Negrotti A, Rossi A, Calzetti S, et al. Action observation treatment improves autonomy in daily activities in Parkinson's disease patients: results from a pilot study. Mov Disord. (2011) 26:1963–4. doi: 10.1002/mds.23745

 89. Esculier JF, Vaudrin J, Tremblay LE. Corticomotor excitability in Parkinson's disease during observation, imagery and imitation of action: effects of rehabilitation using wii fit and comparison to healthy controls. J Parkinson's Dis. (2014) 4:67–75. doi: 10.3233/JPD-130212

 90. Pelosin E, Avanzino L, Bove M, Stramesi P, Nieuwboer A, Abbruzzese G. Action observation improves freezing of gait in patients with Parkinson's disease. Neurorehabil Neural Repair. (2010) 24:746–52. doi: 10.1177/1545968310368685

 91. Castiello U, Ansuini C, Bulgheroni M, Scaravilli T, Nicoletti R. Visuomotor priming effects in Parkinson's disease patients depend on the match between the observed and the executed action. Neuropsychologia. (2009) 47:835–42. doi: 10.1016/j.neuropsychologia.2008.12.016

 92. Tremblay F, Leonard G, Tremblay L. Corticomotor facilitation associated with observation and imagery of hand actions is impaired in Parkinson's disease. Exp Brain Res. (2008) 185:249–57. doi: 10.1007/s00221-007-1150-6

 93. Sgandurra G, Ferrari A, Cossu G, Guzzetta A, Fogassi L, Cioni G. Randomized trial of observation and execution of upper extremity actions versus action alone in children with unilateral cerebral palsy. Neurorehabil Neural Repair. (2013) 27:808–15. doi: 10.1177/1545968313497101

 94. Sgandurra G, Ferrari A, Cossu G, Guzzetta A, Biagi L, Tosetti M, et al. Upper limb children action-observation training (UP-CAT): a randomised controlled trial in hemiplegic cerebral palsy. BMC Neurol. (2011) 11:80. doi: 10.1186/1471-2377-11-80

 95. Buccino G, Arisi D, Gough P, Aprile D, Ferri C, Serotti L, et al. Improving upper limb motor functions through action observation treatment: a pilot study in children with cerebral palsy. Dev Med Child Neurol. (2012) 54:822–8. doi: 10.1111/j.1469-8749.2012.04334.x

 96. Kim JY, Kim JM, Ko EY. The effect of the action observation physical training on the upper extremity function in children with cerebral palsy. J Exerc Rehabil. (2014) 10:176–83. doi: 10.12965/jer.140114

 97. Kim JH, Lee BH. Action observation training for functional activities after stroke: a pilot randomized controlled trial. Neurorehabilitation. (2013) 33:565–74. doi: 10.3233/NRE-130991

 98. Celnik P, Stefan K, Hummel F, Duque J, Classen J, Cohen LG. Encoding a motor memory in the older adult by action observation. Neuroimage. (2006) 29:677–84. doi: 10.1016/j.neuroimage.2005.07.039

 99. Liepert J, Greiner J, Dettmers C. Motor excitability changes during action observation in stroke patients. J Rehabil Med. (2014) 46:400–5. doi: 10.2340/16501977-1276

 100. Fogassi L, Ferrari PF, Gesierich B, Rozzi S, Chersi F, Rizzolatti G. Parietal lobe: from action organization to intention understanding. Science. (2005) 308:662–7. doi: 10.1126/science.1106138

 101. Gallese V, Fadiga L, Fogassi L, Rizzolatti G. Action recognition in the premotor cortex. Brain. (1996) 119 (Pt 2):593–609. doi: 10.1093/brain/119.2.593

 102. Rizzolatti G, Craighero L. The mirror-neuron system. Ann Rev Neurosci. (2004) 27:169–92. doi: 10.1146/annurev.neuro.27.070203.144230

 103. Kilner JM. More than one pathway to action understanding. Trends Cogn Sci. (2011) 15:352–7. doi: 10.1016/j.tics.2011.06.005

 104. Hermsdorfer J, Li Y, Randerath J, Roby-Brami A, Goldenberg G. Tool use kinematics across different modes of execution. Implications for action representation and apraxia. Cortex. (2013) 49:184–99. doi: 10.1016/j.cortex.2011.10.010

 105. Leiguarda RC, Merello M, Nouzeilles MI, Balej J, Rivero A, Nogués M. Limb-kinetic apraxia in corticobasal degeneration: clinical and kinematic features. Mov Disord. (2003) 18:49–59. doi: 10.1002/mds.10303

 106. Sirigu A, Cohen L, Duhamel JR, Pillon B, Dubois B, Agid Y. A selective impairment of hand posture for object utilization in apraxia. Cortex. (1995) 31:41–55. doi: 10.1016/S0010-9452(13)80104-9

 107. Sirigu A, Duhamel JR, Cohen L, Pillon B, Dubois B, Agid Y. The mental representation of hand movements after parietal cortex damage. Science. (1996) 273:1564–8. doi: 10.1126/science.273.5281.1564

 108. Grezes J, Decety J. Functional anatomy of execution, mental simulation, observation, and verb generation of actions: a meta-analysis. Hum Brain Mapp. (2001) 12:1–19. doi: 10.1002/1097-0193(200101)12:1<1::AID-HBM10>3.0.CO;2-V

 109. Grafton ST. Embodied cognition and the simulation of action to understand others. Ann N Y Acad Sci. (2009) 1156:97–117. doi: 10.1111/j.1749-6632.2009.04425.x

 110. Iacoboni M, Woods RP, Brass M, Bekkering H, Mazziotta JC, Rizzolatti G. Cortical mechanisms of human imitation. Science. (1999) 286:2526–8. doi: 10.1126/science.286.5449.2526

 111. Flanagan JR, Johansson RS. Action plans used in action observation. Nature. (2003) 424:769–71. doi: 10.1038/nature01861

 112. Buccino G, Binkofski F, Riggio L. The mirror neuron system and action recognition. Brain Lang. (2004) 89:370–6. doi: 10.1016/S0093-934X(03)00356-0

 113. Buxbaum LJ, Shapiro AD, Coslett HB. Critical brain regions for tool-related and imitative actions: a componential analysis. Brain. (2014) 137:1971–85. doi: 10.1093/brain/awu111

 114. Goldenberg G, Hermsdorfer J, Glindemann R, Rorden C, Karnath HO. Pantomime of tool use depends on integrity of left inferior frontal cortex. Cereb Cortex. (2007) 17:2769–76. doi: 10.1093/cercor/bhm004

 115. Mengotti P, Corradi-Dell'Acqua C, Negri GA, Ukmar M, Pesavento V, Rumiati RI. Selective imitation impairments differentially interact with language processing. Brain. (2013). 136:2602–18. doi: 10.1093/brain/awt194

 116. Weiss PH, Ubben SD, Kaesberg S, Kalbe E, Kessler J, Liebig T, et al. Where language meets meaningful action: a combined behavior and lesion analysis of aphasia and apraxia. Brain Struct Funct. (2016) 221:563–76. doi: 10.1007/s00429-014-0925-3

 117. Hoeren M, Kümmerer D, Bormann T, Beume L, Ludwig VM, Vry MS, et al. Neural bases of imitation and pantomime in acute stroke patients: distinct streams for praxis. Brain. (2014) 137:2796–810. doi: 10.1093/brain/awu203

 118. De Renzi E, Lucchelli F. Ideational apraxia. Brain. (1988) 111(Pt 5):1173–85. doi: 10.1093/brain/111.5.1173

 119. Bizzozero I, Costato D, Sala SD, Papagno C, Spinnler H, Venneri A. Upper and lower face apraxia: role of the right hemisphere. Brain. (2000) 123(Pt 11):2213–30. doi: 10.1093/brain/123.11.2213

 120. Rothi LJ, Mack L, Heilman KM. Pantomime agnosia. J Neurol Neurosurg Psychiatry. (1986) 49:451–4. doi: 10.1136/jnnp.49.4.451

 121. Cubelli R, Marchetti C, Boscolo G, Della Sala S. Cognition in action: testing a model of limb apraxia. Brain Cogn. (2000) 44:144–65. doi: 10.1006/brcg.2000.1226

 122. Bartolo A, Cubelli R, Della Sala S, Drei S, Marchetti C. Double dissociation between meaningful and meaningless gesture reproduction in apraxia. Cortex. (2001) 37:696–9. doi: 10.1016/S0010-9452(08)70617-8

 123. Negri GA, Rumiati RI, Zadini A, Ukmar M, Mahon BZ, Caramazza A. What is the role of motor simulation in action and object recognition? Evidence from apraxia. Cogn Neuropsychol. (2007) 24:795–816. doi: 10.1080/02643290701707412

 124. Aglioti SM, Pazzaglia M. Representing actions through their sound. Exp Brain Res. (2010) 206:141–51. doi: 10.1007/s00221-010-2344-x

 125. Mahon BZ, Caramazza A. The orchestration of the sensory-motor systems: clues from neuropsychology. Cogn Neuropsychol. (2005) 22:480–94. doi: 10.1080/02643290442000446

 126. Buxbaum LJ, Kalenine S. Action knowledge, visuomotor activation, and embodiment in the two action systems. Ann N Y Acad Sci. (2010) 1191:201–18. doi: 10.1111/j.1749-6632.2010.05447.x

 127. Binkofski F, Buxbaum LJ. Two action systems in the human brain. Brain Lang. (2013) 127:222–9. doi: 10.1016/j.bandl.2012.07.007

 128. Pazzaglia M, Zantedeschi M. Plasticity and awareness of bodily distortion. Neural Plast. (2016) 2016:9834340. doi: 10.1155/2016/9834340

 129. Buccino G, Molinaro A, Ambrosi C, Arisi D, Mascaro L, Pinardi C, et al. Action observation treatment improves upper limb motor functions in children with cerebral palsy: a combined clinical and brain imaging study. Neural Plast. (2018) 2018:4843985. doi: 10.1155/2018/4843985

 130. Hanna-Pladdy B, Heilman KM, Foundas AL. Cortical and subcortical contributions to ideomotor apraxia: analysis of task demands and error types. Brain. (2001) 124:2513–27. doi: 10.1093/brain/124.12.2513

 131. Moro V, Urgesi C, Pernigo S, Lanteri P, Pazzaglia M, Aglioti SM. The neural basis of body form and body action agnosia. Neuron. (2008) 60:235–46. doi: 10.1016/j.neuron.2008.09.022

 132. Halsband U, Schmitt J, Weyers M, Binkofski F, Grützner G, Freund HJ. Recognition and imitation of pantomimed motor acts after unilateral parietal and premotor lesions: a perspective on apraxia. Neuropsychologia. (2001) 39:200–16. doi: 10.1016/S0028-3932(00)00088-9

 133. Hickok G. Eight problems for the mirror neuron theory of action understanding in monkeys and humans. J Cogn Neurosci. (2009) 21:1229–43. doi: 10.1162/jocn.2009.21189

 134. Fogassi L, Luppino G. Motor functions of the parietal lobe. Curr Opin Neurobiol. (2005) 15:626–31. doi: 10.1016/j.conb.2005.10.015

 135. Stefan K, Cohen LG, Duque J, Mazzocchio R, Celnik P, Sawaki L, et al. Formation of a motor memory by action observation. J Neurosci. (2005) 25:9339–46. doi: 10.1523/JNEUROSCI.2282-05.2005

 136. Bianchi M, Cosseddu M, Cotelli M, Manenti R, Brambilla M, Rizzetti MC, et al. Left parietal cortex transcranial direct current stimulation enhances gesture processing in corticobasal syndrome. Eur J Neurol. (2015) 22:1317–22. doi: 10.1111/ene.12748

 137. Baldwin KA, McCoy SL. Making a case for acute ischemic stroke. J Pharm Pract. (2010) 23:387–97. doi: 10.1177/0897190010372325

 138. Ferro JM, Martins IP, Mariano G, Caldas AC. CT scan correlates of gesture recognition. J Neurol Neurosurg Psychiatry. (1983) 46:943–52. doi: 10.1136/jnnp.46.10.943

 139. Catmur C, Gillmeister H, Bird G, Liepelt R, Brass M, Heyes C. Through the looking glass: counter-mirror activation following incompatible sensorimotor learning. Eur J Neurosci. (2008) 28:1208–15. doi: 10.1111/j.1460-9568.2008.06419.x

 140. Gazzola V, Rizzolatti G, Wicker B, Keysers C. The anthropomorphic brain: the mirror neuron system responds to human and robotic actions. Neuroimage. (2007) 35:1674–84. doi: 10.1016/j.neuroimage.2007.02.003

 141. Mattar AA, Gribble PL. Motor learning by observing. Neuron. (2005) 46:153–60. doi: 10.1016/j.neuron.2005.02.009

 142. Buccino G, Solodkin A, Small SL. Functions of the mirror neuron system: implications for neurorehabilitation. Cogn Behav Neurol. (2006) 19:55–63. doi: 10.1097/00146965-200603000-00007

 143. Dinstein I, Gardner JL, Jazayeri M, Heeger DJ. Executed and observed movements have different distributed representations in human aIPS. J Neurosci. (2008) 28:11231–9. doi: 10.1523/JNEUROSCI.3585-08.2008

 144. Mahon BZ. Action recognition: is it a motor process? Curr Biol. (2008) 18:R1068–9. doi: 10.1016/j.cub.2008.10.001

 145. Tkach D, Reimer J, Hatsopoulos NG. Congruent activity during action and action observation in motor cortex. J Neurosci. (2007) 27:13241–50. doi: 10.1523/JNEUROSCI.2895-07.2007

 146. Brown LE, Wilson ET, Gribble PL. Repetitive transcranial magnetic stimulation to the primary motor cortex interferes with motor learning by observing. J Cogn Neurosci. (2009) 21:1013–22. doi: 10.1162/jocn.2009.21079

 147. Pazzaglia M, Galli G, Lewis JW, Scivoletto G, Giannini AM, Molinari M. Embodying functionally relevant action sounds in patients with spinal cord injury. Sci Rep. (2018) 8:15641. doi: 10.1038/s41598-018-34133-z

 148. Pazzaglia M. Body and odors: not just molecules, after all. Curr Dir Psychol Sci. (2015) 24:329–33. doi: 10.1177/0963721415575329

 149. Aglioti SM, Pazzaglia M. Sounds and scents in (social) action. Trends Cogn Sci. (2011) 15:47–55. doi: 10.1016/j.tics.2010.12.003

 150. Pazzaglia M, Galli G, Lucci G, Scivoletto G, Molinari M, Haggard P. Phantom limb sensations in the ear of a patient with a brachial plexus lesion. Cortex. (2018). doi: 10.1016/j.cortex.2018.08.020. [Epub ahead of print].

 151. Pazzaglia M, Haggard P, Scivoletto G, Molinari M, Lenggenhager B. Pain and somatic sensation are transiently normalized by illusory body ownership in a patient with spinal cord injury. Restor Neurol Neurosci. (2016) 34:603–13. doi: 10.3233/RNN-150611

 152. Costantini M, Bueti D, Pazzaglia M, Aglioti SM. Temporal dynamics of visuo-tactile extinction within and between hemispaces. Neuropsychology. (2007) 21:242–50. doi: 10.1037/0894-4105.21.2.242

 153. Goldenberg G, Hentze S, Hermsdorfer J. The effect of tactile feedback on pantomime of tool use in apraxia. Neurology. (2004) 63:1863–7. doi: 10.1212/01.WNL.0000144283.38174.07

 154. Pazzaglia M, Leemhuis E, Giannini AM, Haggard P. The Homuncular Jigsaw: investigations of phantom limb and body awareness following brachial plexus block or avulsion. J Clin Med. (2019) 8:E182. doi: 10.3390/jcm8020182

 155. Pazzaglia M, Scivoletto G, Giannini AM, Leemhuis E. My hand in my ear: a phantom limb re-induced by the illusion of body ownership in a patient with a brachial plexus lesion. Psychol Res. (2019) 83:196–204. doi: 10.1007/s00426-018-1121-5

 156. Galli G, Pazzaglia M. Commentary on: “the body social: an enactive approach to the self”. A tool for merging bodily and social self in immobile individuals. Front Psychol. 6:305. doi: 10.3389/fpsyg.2015.00305

 157. Lucci G, Pazzaglia M. Towards multiple interactions of inner and outer sensations in corporeal awareness. Front Hum Neurosci. (2015) 9:163. doi: 10.3389/fnhum.2015.00163

 158. Cramer SC, Sur M, Dobkin BH, O'Brien C, Sanger TD, Trojanowski JQ, et al. Harnessing neuroplasticity for clinical applications. Brain. (2011) 134:1591–609. doi: 10.1093/brain/awr039

 159. Law LLF, Fong KNK, Li RKF. Multisensory stimulation to promote upper extremity motor recovery in stroke: a pilot study. Brit J Occup Ther. (2018) 81:641–8. doi: 10.1177/0308022618770141

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

Copyright © 2019 Pazzaglia and Galli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 13 August 2019
doi: 10.3389/fneur.2019.00872






[image: image2]

Unilateral Brachial Plexus Lesion Impairs Bilateral Touch Threshold
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Unilateral brachial plexus injury (BPI) impairs sensory and motor functions of the upper limb. This study aimed to map in detail brachial plexus sensory impairment both in the injured and the uninjured upper limb. Touch sensation was measured through Semmes-Weinstein monofilaments at the autonomous regions of the brachial plexus nerves, hereafter called points of exclusive innervation (PEIs). Seventeen BPI patients (31.35 years±6.9 SD) and 14 age-matched healthy controls (27.57 years±5.8 SD) were tested bilaterally at six selected PEIs (axillary, musculocutaneous, median, radial, ulnar, and medial antebrachial cutaneous [MABC]). As expected, the comparison between the control group and the brachial plexus patients' injured limb showed a robust difference for all PEIs (p ≤ 0.001). Moreover, the comparison between the control group and the brachial plexus uninjured limb revealed a difference for the median (p = 0.0074), radial (p = 0.0185), ulnar (p = 0.0404), and MABC (p = 0.0328) PEIs. After splitting the sample into two groups with respect to the dominance of the injured limb, higher threshold values were found for the uninjured side when it occurred in the right dominant limb compared to the control group at the median (p = 0.0456), radial (p = 0.0096), and MABC (p = 0.0078) PEIs. This effect was absent for the left, non-dominant arm. To assess the effect of the severity of sensory deficits observed in the injured limb upon the alterations of the uninjured limb, a K-means clustering algorithm (k = 2) was applied resulting in two groups with less or more severe sensory impairment. The less severely affected patients presented higher thresholds at the median (p = 0.0189), radial (p = 0.0081), ulnar (p = 0.0253), and MABC (p = 0.0187) PEIs in the uninjured limb in comparison with the control group, whereas higher thresholds at the uninjured limb were found only for the median PEI (p = 0.0457) in the more severely affected group. In conclusion, an expressive reduction in touch threshold was found for the injured limb allowing a precise mapping of the impairment caused by the BPI. Crucially, BPI also led to reduced tactile threshold in specific PEIs in the uninjured upper limb. These new findings suggest a superordinate model of representational plasticity occurring bilaterally in the brain after a unilateral peripheral injury.

Keywords: Semmens-Weinstein monofilaments, sensory threshold, brachial plexus neuropathy, impairment, light touch sensation, deafferentation, uninjured


INTRODUCTION

Brachial plexus injury (BPI) affects the sensory and motor functions of the upper limb to varying degrees resulting in complex patterns of sensorimotor dysfunction, often with very poor prognosis (1, 2). Affecting predominantly young male subjects [20–29 years, 89% male—(1)], BPI has major impacts on psychosocial well-being and quality of life (3, 4). A key aspect is that BPI often leads to loss of at least part of the upper limb movements (5) thus putatively compromising movements such as directional reaching, grasping and skilled manipulative movements with the upper limb. This is due not only to the loss of motor impairment, but also to the loss of sensation, known to be of particular importance in manipulative movements (6) [review in (7)]. Although most research in BPI has focused on motor impairment, relatively little has been done to further our understanding of its associated sensory dysfunction, despite its potential to inform both to clinicians and researchers about its severity and degree of impairment as well as to help improve strategies to increase the functionality of the upper limb.

Furthermore, current investigations of sensory dysfunction after a peripheral deafferentation consider the sensory deficit evaluation only in the injured limb and are often directed to a limited portion of the affected body surface (8–14). Given the heterogeneous nature of BPIs, it is important to make a complete investigation of all nerve territories of the BP, especially in its autonomous zones (2), corresponding to areas of skin in which each single nerve can be better assessed (15–17).

Although usually not evaluated after a peripheral nerve injury, changes in sensory function affecting the uninjured limb have been found in a variety of deafferentation models such as nerve block (18), nerve injury (19), amputation (20, 21), and in burned patients (22, 23). These changes have generally been interpreted as being the result of central nervous system adaptations occurring after the deafferentation.

Considering the lack of studies investigating the uninjured limb and possible sensory changes resulting from a BPI lesion, this study aimed to evaluate the sensory thresholds in BPI patients using Semmes-Weinstein monofilaments (SWM). We expected that a complete investigation of sensory thresholds in both upper limbs would allow not only the identification of the pattern of lesion-induced loss of sensation in the most affected limb but also reveal possible sensory deficits in the uninjured upper limb. This might expand the current knowledge on sensory changes after peripheral nerve lesions, providing novel approaches to clinical evaluation and also opening up new possibilities for the study of central reorganization after peripheral injury.



METHODS


Participants

Seventeen BPI patients (2 females) with a mean age of 31.35 years ± 6.9 SD (19–40), were recruited at the Institute of Neurology Deolindo Couto (INDC-UFRJ). Fifteen patients were right handed (1 left handed and 1 ambidextrous) (24). Inclusion criteria were age equal to or above 18 years, preserved ability to communicate and unilateral traumatic BPI (any level and severity, pre- or post- nerve surgery, see Table 1), diagnosed through clinical and complementary exams such as electromyography and magnetic resonance imaging. Exclusion criteria were a previous history of primary or secondary central and peripheral nervous system disease. Participants were consecutively recruited between the years 2014 and 2015.



Table 1. BPI patient characteristics and time between injury and surgery and time between injury and the assessment.
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Eighteen healthy right-handed participants were also evaluated, and from this sample fourteen age-matched healthy participants were included in the analysis (27.57 years ± 5.8 SD). The remaining four participants were excluded based on k-means clustering applied to homogenize the sample (see Statistics).

Before the evaluation, all participants were asked whether they felt comfortable enough to be evaluated. They were then informed about the experimental procedures and provided written informed consent to participate in the study, which was approved by the local ethics committee (Institute of Neurology Deolindo Couto—UFRJ, Brazil) and was in accordance with the declaration of Helsinki.



Semmes-Weinstein Monofilaments Assessment

In order to assess touch thresholds of the upper limb, a set of 20 Semmes-Weinstein Monofilaments (SWM, Bioseb, Vitrolles, France) were used. SWM are classified by the necessary force in grams to bend them against the skin, ranging from 0.007 to 160 g or, as expressed in log (10 × F; with F = force in milligrams), 1.84 to 6.20. The force values for each monofilament after the assessment using an analytical balance (Shimadzu Corp., Kyoto, Japan) were slightly different from the values specified by the manufacturer (see Supplementary Material). We decided to use the values we found rather than those of the manufacturer. Values for each monofilament are displayed in Supplementary Table 1.

Six stimulation points, called hereafter points of exclusive innervation (PEIs), were identified to perform the sensory test. The PEIs were within the five dermatomes (C5-T1) (25) of the BP and corresponded to the autonomous zones of six BP nerves: axillary, musculocutaneous, median, radial, ulnar and medial antebrachial cutaneous (MABC) (15) (Figure 1A).
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FIGURE 1. (A) Illustration of the six Points of Exclusive Innervation (PEIs) in the upper limb. (B) Illustration of the experimental setup.



During the assessment, participants sat in a chair in a quiet room together with the experimenters BR and AS. The upper limb to be tested rested on a pillow. Each limb was assessed separately. A black curtain blocked the volunteer's view of the assessed limb (Figure 1B). Both experimenters were trained to conduct the assessment the same way and while one experimenter was applying the filaments the other one was taking notes about the evoked sensations and the threshold values. The experimenters were not blind regarding the subject's condition since all the patients had the injured arm with some degree of paralysis and hypotrophy. The uninjured upper limb of the BPI patients was assessed first, or the right upper limb, in the case of healthy volunteers. The order of PEI stimulation was pseudo-randomized for each upper limb. For each PEI, monofilaments were applied in ascending order—from the thinnest to the thickest. The thinnest filament detected by the participant in 3 out of 5 applications was considered as the tactile threshold for that PEI (26). All the procedures were explained and demonstrated to the participants in advance. The intervals between each stimulation were arbitrary to avoid the learning of the stimulation sequence and, consequently, false positives. When the participant was not able to feel even the thickest filament (6.20, see Supplementary Table 1) his touch threshold was established at this filament (6.20).



Statistical Analysis

Threshold values for each participant were log transformed (10 × force in mg—see Supplementary Table 1). For each PEI, the threshold values were described as medians.

K-means Clustering

Both for the control and the patients' group we used k-means cluster analysis (27) to assign individuals to clusters based on their threshold values for the six PEIs. The k-means algorithm partitions the sample into k clusters based on variables of interest. The algorithm uses a heuristic to find centroid seeds for k-means clustering and then computes the squared Euclidean distance from each observation to each centroid, assigning each observation to its closest centroid. The goal of this procedure is to minimize the within-cluster variance and maximize the between-cluster variance.

The D'agostino-Pearson test was then used to assess normality of the groups. Since data from some PEIs did not respect Gaussian distribution, non-parametric tests were applied.

Control Group

For setting the control group, the K-means clustering algorithm was applied and resulted in a cluster comprising 14 participants (four participants were excluded from further analyses). The comparison between each PEI with its counterpart in the same control participant (right arm vs. left arm) was performed by means of the Wilcoxon signed-rank test. Since the comparison between right and left upper PEIs revealed no difference (axillary, p = 0.5000; musculocutaneous, p = 0.7127; median, p = 0.3523; radial, p = 0.3493; ulnar, p = 1; MABC, p = 0.2123), the mean between the corresponding right and left PEIs from both upper limbs was calculated. This procedure was performed to establish a single threshold value per PEI for each participant.

To investigate if the sensory threshold differed among the six PEIs of the control group, the Kruskal-Wallis test was applied, followed by Dunn's Multiple Comparison Test to compare the six PEIs with each other—alfa = 0.05.

Control vs. Patients

The Mann-Whitney test was applied to compare PEIs between control participants and BPI patients (control × injured; control × uninjured upper limbs). For each patient, threshold values for all PEIs of the uninjured limb were normalized to the median values of the control group and these normalized data were used to calculate Spearman correlation coefficients employing the patients' age and the time interval between the injury and the assessment (T2 from Table 1).

To investigate the effect of the side of the injury, patients were separated into two groups comprising BPI in the dominant right (n = 7) or non-dominant left limb (n = 8). BPI03 and BPI04 were excluded from the sample because they were ambidextrous and left handed, respectively (Table 1). The Mann-Whitney test was performed to compare the threshold values of the uninjured side of both patient groups (dominant and non-dominant injury) with those of the control group. In addition, a K-means clustering algorithm was applied to the BPI group to separate patients into two groups as a function of their sensory impairment (k = 2). Thus, based on their PEI threshold values on the injured side, patients were grouped into more or less severely affected. Sensory thresholds of the uninjured side of both patient groups were then compared with the control group using the Mann-Whitney test. This analysis aimed to investigate if different levels of sensory deficits in the injured side would result in different patterns of sensory changes in the uninjured side.




RESULTS


Control Values for Absolute Touch Threshold—“Typical” Index

A typical index per PEI was calculated for control subjects. The comparison among the six PEI threshold values in the control group revealed a significant difference (p < 0.0001). Dunn's Multiple Comparison Test (alfa = 0.05) revealed that the most proximal PEIs had lower threshold values than the most distal ones (Figure 2). Median (25th and 75th percentiles) PEI threshold values are presented in Table 2.
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FIGURE 2. Comparison between the six PEIs of the control group revealed a significant difference (Kruskal-Wallis test—p < 0.0001). Dunn's Multiple Comparison Test (alfa = 0.05) applied to compare all pairs of PEIs revealed that the most proximal PEIs (axillary and musculocutaneous) had lower thresholds than the distal PEIs (median, radial and ulnar). *** p < 0.05 at the Dunn's Multiple Comparison Test.





Table 2. Median (Q1–Q3) threshold values for the control group and the injured and uninjured upper limbs of the BPI patients.
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Control vs. Injured Side

The comparison between the control group and the BPI patients' injured side showed a clear difference for all evaluated PEIs (Figure 3). It confirms the important sensory deficit in the latter group. Touch thresholds on the injured side were highly variable among patients, ranging from 1.84 to 6.20 (Table 2). For several patients, even the thickest monofilament was not detectable in some PEIs.
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FIGURE 3. Individual sensory threshold values in the 6 PEIs of the control group compared to the BPI patients' injured upper limb. Lines represent the median values of each group with the interquartile ranges. P-values of the statistical difference between groups (control × injured) are presented in each graph. The broken line represents the top limit of the set of monofilaments used (6.20). ● = control (n = 14) and ■ = BPI patients (n = 17).





Control vs. Uninjured Side

The comparison between the control group and the patients' uninjured side is shown in Figure 4. Statistical analysis showed differences for the median, radial, ulnar, and MABC PEIs, indicating that the uninjured side is also affected by the BPI. Moreover, sensory threshold values from the patients uninjured limb were globally considerably more variable than those of the control group, with several patient values lying above the control group range (Table 2).
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FIGURE 4. Individual sensory threshold values of the 6 PEIs of the control group compared to the BPI patients' uninjured upper limb. Lines represent the median values and the interquartile ranges of each group. P-values of the difference between groups (control × uninjured) are presented in each graph. The broken line represents the top limit of the set of monofilaments (6.20). ● = control (n = 14) and ■ = BPI patients (n = 17).



Spearman correlation coefficients analysis showed no significant correlation between the normalized values of each uninjured PEI and patient age or for the time interval between the injury and the assessment (p > 0.1).



Side of Injury and Sensory Deficits in the Uninjured Side

After excluding the left handed and the ambidextrous patients we found that patients with BPI in the dominant right limb presented higher threshold values for the uninjured side compared to the control group at the median (p = 0.0456), radial (p = 0.0096) and MABC (p = 0.0078) PEIs (axillary: p = 0.0732; musculocutaneous: p = 0.6531; ulnar: p = 0.0628). Conversely, patients with BPI in the non-dominant left limb showed no PEI threshold difference from those of the control group (axillary: p = 0.3762; musculocutaneous: p = 0.1157; median: p = 0.0568; radial: p = 0.2722; ulnar: p = 0.4035; MABC: p = 0.6539). Table 3 presents median threshold values of both groups. With respect to the ambidextrous and the left handed patients we cannot take any conclusion regarding the small sample size.



Table 3. Median (Q1–Q3) threshold values for the injured and uninjured upper limbs after a BPI in the dominant and non-dominant limb.
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Severity of Injury and Sensory Deficits in the Uninjured Side

A K-means clustering algorithm applied to the BPI group (k = 2) resulted in the formation of two groups: one with less severe sensory impairment (n = 10: BPI01, BPI02, BPI03, BPI07, BPI08, BPI09, BPI10, BPI11, BPI13, and BPI14) and the other with more severe BPI impairment of sensory function (n = 7: BPI04, BPI05, BPI06, BPI12, BPI15, BPI16, and BPI17). For graphs depicting the patients' individual assessment of both limbs, see Supplementary Figures 1, 2.

The comparison between the control group and the uninjured side of the less severely affected patients (n = 10) revealed higher thresholds for patients at the median (p = 0.0189), radial (p = 0.0081), ulnar (p = 0.0253), and MABC (p = 0.0187) PEIs (axillary: p = 0.6482; musculocutaneous: p = 0.3864). Similar results were obtained after excluding the ambidextrous patient from the sample, with higher thresholds for the uninjured side in the less severely affected patients (n = 9) compared to the control group (axillary: p = 0.5261; musculocutaneous: p = 0.4581; median: p = 0.0277; radial: p = 0.0161; ulnar: p = 0.0466; and MABC: p = 0.0367).

From this sample of less severely affected patients, six have undergone ulnar to musculocutaneous nerve transfer. For these 6 patients the difference between the uninjured side and the control group was found only for the ulnar nerve (p = 0.0332) (axillary: p = 0.5500; musculocutaneous: p = 0.1745; median: p = 0.0791; radial: p = 0.1582; MABC: p = 0.2452).

The comparison between the uninjured side of the more severely affected patients and the control group showed statistical difference only for the median PEI (p = 0.0457) (axillary: p = 0.3976; musculocutaneous: p = 0.3958; radial: p = 0.3109; ulnar: p = 0.3434; MABC: p = 0.3288). This group comprised 6 right-handed and one left-handed patients. When the left handed patient was excluded from this group, no difference between the uninjured side and the control group was observed (axillary: p = 0.7989; musculocutaneous: p = 0.1745; median: p = 0.1033; radial: p = 0.3002; ulnar: p = 0.6440; MABC: p = 0.4543).

Taken together, these results suggest that more severe injuries are associated with minor sensory dysfunction in the uninjured upper limb. In contrast, for the less severe group, the unaffected upper limb presented a higher number of affected PEIs. Table 4 presents median threshold values of both groups.



Table 4. Median (Q1–Q3) threshold values for the injured and uninjured upper limbs of the less and more severe BPI.
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DISCUSSION

By applying Semmes-Weinstein monofilaments, we were able to characterize, for the first time, superficial sensibility deficits in points of exclusive innervation (PEI) both in the injured and the uninjured upper limbs in BPI patients as compared to an age-paired and sex-matched control group. The comparison between the control group and the BPI patients' injured side showed higher thresholds for all PEIs in the affected limb. Interestingly, the comparison between the sensory thresholds of the control group and those of the BPI patients' uninjured side also revealed higher thresholds for the median, radial, ulnar and MABC PEIs. After splitting the sample of right handed patients with respect to the dominance of the injured limb, we found higher threshold values for the uninjured side in the BPI patients in the right dominant limb compared to the control group at the median, radial and MABC PEIs. On the other hand, in patients with BPI in the left non-dominant arm, this effect was absent. Using the K-means clustering algorithm, the patient sample was then split into two groups based on the threshold values of the injured side. Thresholds of the uninjured side of the resulting two groups of patients were compared to those of the control group. Less severely affected BPI patients (n = 10) had higher thresholds for the median, radial, ulnar and MABC PEIs. Conversely, more severe BPI patients showed higher thresholds only for the median PEI. These results suggest that both the laterality and the degree of sensory impairment of the injured arm associate to higher sensory thresholds in the uninjured side. These findings expand the current knowledge on sensory changes after peripheral nerve lesions, providing novel approaches to clinical evaluation and also opening up new possibilities for the study of central reorganization after peripheral injury.


“Typical” Threshold Values for the Upper Limb

In this study, it was possible to establish the control group's “typical” threshold for each PEI. The lack of difference between the sensory thresholds for the left and right upper limb in the control subjects corroborates previous findings (28). A “typical” threshold value has been previously described in healthy subjects (29). Many studies have employed this threshold value to evaluate all dermatomes of the upper limb (hand/arm/forearm) (11, 12, 14). Nevertheless, we found lower threshold values in proximal PEIs (axillary and musculocutaneous) than in distal PEIs (median, radial and ulnar). One possible explanation for this discrepancy may be related to the hairiness of the evaluated skin. Proximal PEIs are in hairy skin regions while the distal ones are in glabrous skin (30). The hair follicle shaft has collars of mechanoreceptor terminals, including at least three low threshold mechanoreceptor subtypes (31). Therefore, hair deflection might be associated with a lower threshold in the proximal PEIs. In this case, applying the normative threshold value of 2.85, which is higher than the “typical” threshold found for this population, to assess the entire upper limb could induce the detection of false negative sensory deficits.



Threshold Values in the Injured Upper Limb After a BPI

The assessment of the injured upper limb of the BPI patients at the six selected PEIs agreed with their clinical diagnoses. Indeed, in the majority of our sample BPI had been documented as affecting mainly the superior and middle trunk of the brachial plexus. Accordingly, axillary, musculocutaneous and the median PEIs presented the highest sensory thresholds when compared to the control group. The huge variability amongst threshold values found for most PEIs in the injured limb (Figure 2) can be attributed to the highly variable degree of severity that is commonly seen for BPI (1).



Unilateral BPI Induces Bilateral Touch Threshold Impairment

BPI led to increased tactile threshold in specific PEIs of the uninjured upper limb. These results are in agreement with a variety of deafferentation models that also found changes in sensory processing in the uninjured limb (18–23, 32). Both in burn patients (22, 23) and lower limb amputees (20), the assessment of cutaneous threshold presented higher values for the uninjured limb as compared to controls.

The sensory impairment in the uninjured limb found in BPI patients suggests that BPI leads to central modifications in the hemisphere contralateral to the uninjured limb, as shown in different models of deafferentation (33–41). As reviewed by Wall et al. (42), chronic nerve injuries (peripheral nerve injury, root injury, spinal injury, and amputation) in humans and primates promote not only cortical but also subcortical changes at all levels of the somatosensory system. In animal models, unilateral injuries also lead to bilateral changes in the somatosensory ascending pathway (43–46).

For contralateral alterations to be reflected in the ipsilateral hemibody there must be an interhemispheric transfer of information at some level in the brain. Sensory input is ordinarily processed in the contralateral primary somatosensory cortex but there is also to some extent an ipsilateral cortical response to peripheral stimulation (47, 48). As shown by Iwamura et al. (47), this ipsilateral response seems to depend on the opposite hemisphere via transcallosal connections between homotopic areas. In addition, as described by Preuss and Goldman-Rakic (49) in primates, the midline thalamic nuclei project bilaterally to the prefrontal cortex, an important path of top-down regulation of attention to a given stimulus (50). Thus, the altered ascending information coming from the injured limb could lead to reduced activity in the intralaminar nuclei and reduce the attentional network associated with the detection of ascending tactile stimuli, both for the injured and the uninjured limb.



BPIs of the Dominant Right Limb Are Linked to a Large Sensory Impairment in the Uninjured Side

When the injury occurred in the dominant right limb, higher sensory thresholds were observed in the non-dominant left uninjured limb. Thus, higher thresholds were found for the uninjured limb when the limb was the dominant one. With respect to the ambidextrous and the left handed patients we cannot take any conclusion due to the small sample size.

A behavioral study of tactile perception after bilateral hand transplant showed that the somatosensory perception of the right hand was largely reduced when the right side of the face was concurrently stimulated. The same was not true for the left side (51). After a bilateral hand allograft, Vargas et al. (52) showed that the motor cortical reorganization was faster and more extensive for the non-dominant hand than for the dominant hand. One possibility raised by these authors was that the hemisphere contralateral to the dominant hand is more “hardwired” (and thus less plastic) in the context of a bilateral hand allograft. Interestingly, the amputation of the dominant upper limb elicits more errors and slower responses in motor imagery and handedness judgment tasks (53).

Greater cortical functional reorganization is observed in patients with BPI when the dominant limb is affected as compared to the non-dominant limb (54). This suggests that a relatively more extensive adaptive process may occur following an injury to the dominant hand. The long-standing loss and/or disuse of the dominant limb may degrade the sensorimotor efficiency of both the dominant and the non-dominant upper limb. If this is correct, then it is possible that a dominant side BPI has a greater impact over sensorimotor representations, with reduced plasticity in the hemisphere contralateral to the dominant hand.



Reduced Sensory Impairments in the Injured Side Are Linked to Greater Sensory Impairment in the Uninjured Side

The group of patients with less severe sensory impairment presented a higher number of affected PEIs in their uninjured upper limb, while the more severe lesions were associated with lower sensory dysfunction in the uninjured upper limb. These results suggest that the severity of injury is inversely related to the impaired threshold detection observed in the uninjured upper limb. One possibility is that the less severe injury is associated with a higher sensorimotor disorganization in the hemisphere contralateral to the injured limb. This, in turn, would affect the representations of the uninjured limb to a greater extent. Indeed, Jain et al. (55) showed in owl monkeys that an incomplete unilateral cervical (C3–C4) dorsal column section leads to expanded cortical representations in the contralateral cortical somatosensory area 3b. Interestingly, the remaining parts of the hand in the deafferented cortical areas present larger receptive fields and abnormal response properties compared to complete lesions. It was also shown that the combination of median+radial nerve injury leads to far more silent regions in the primary somatosensory cortex (S1) than that of the median+ulnar lesion (56–58). These results suggest that both the type and extent of peripheral lesion matter when it comes to the cortical reorganization of S1 topographical maps. The manner by which these changes reflect modifications of the representation of the unaffected limb is unknown. The abnormal reorganization taking place in the less severe injuries can thus contribute to higher touch thresholds in the contralateral hemibody due to changes in interhemispheric communication of cortical maps (40, 41).

The group of patients classified as more severely impaired corresponded to those with extended lesions (superior, medium, and inferior trunks, SMI), most of them having undergone an intercostal to musculocutaneous nerve transfer. This surgery has already been proven to produce changes in the biceps cortical representation (59, 60). However, the small sample of patients with this type of surgery recruited in the present study precluded any further analysis on the effect of this nerve transfer upon sensory threshold impairment in the uninjured limb.

The group of less severely affected patients comprised those having undergone ulnar to musculocutaneous nerve transfer. Contrasting with the prevailing effect of higher threshold values found for the uninjured side, for these patients the difference between the uninjured side and the control group was found only for the ulnar nerve. As discussed above, a less severe injury would be associated with a higher sensorimotor disorganization in the hemisphere contralateral to the injured limb. This in turn would lead to a change in the cortical representation of the uninjured limb. In this context, the ulnar to musculocutaneous nerve transfer, already associated to functional improvement of the affected limb (61) and possibly of cortical representation restoration (62), could play a role by reducing the tactile threshold impairment of the uninjured limb through callosal modulatory effects (38).




CONCLUSION

This is the first report of superficial sensibility deficit in both injured and the uninjured upper limbs in BPI patients. Furthermore, the higher sensory deficits in the uninjured side were associated to BPI of the dominant limb and the lower severity of sensory deficits in the injured side. These findings corroborate previous results reported after other peripheral injuries such as in amputees and suggest a superordinate model of representational plasticity occurring bilaterally in the brain after unilateral peripheral deafferentation. Indeed, peripheral nerve lesion causes continuous, time-dependent adaptation in the cortical network (63, 64). Among the limitations of the current study we highlight the small sample size as well as its heterogeneity regarding the lesion extent, the occurrence and type of surgical intervention and the time elapsed from lesion. Expanding the knowledge on sensory changes after peripheral nerve lesions might provide novel approaches to understand and treat BPI.

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.
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Supplementary Figure 1. Individual sensory threshold values in the 6 PEIs of each BPI patients' injured (dark gray) and uninjured (light gray) upper limbs of the more severe group. The black line represents the median values of the control group (n = 14). The top dashed line represents the higher threshold value possible to assess with our filaments set (6.20). ϕ = PEIs in which the subjects were unable to feel even the thickest filament assessed (6.20).

Supplementary Figure 2. Individual sensory threshold values in the 6 PEIs of each BPI patients' injured (dark gray) and uninjured (light gray) upper limbs of the less severe group. The black line represents the median values of the control group (n = 14). The top dashed line represents the higher threshold value possible to assess with our filaments set (6.20). ϕ = PEIs in which the subjects were unable to feel even the thickest filament assessed (6.20).

Supplementary Table 1. Calibration measures of the set of 20 SWM used. Forces in grams (g) and the log of the force (log) (10 × force in mg) needed to bend the filament (90° to the skin) in a “C” shape according to the manufacturer (Manufacturer's information) and after filaments calibration (Mean of the Calibrations).



ABBREVIATIONS

BPI, Brachial plexus injury; MABC, medial antebrachial cutaneous nerve; PEI, Point of exclusive innervation; SWM, Semmes-Weinstein monofilaments.
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Parameter Side Tract Estimated Confidence interval T-Value P-Value

coefficient
Lower Upper
Grip AH DLPFC-PMd 035 220 0.40 070
DLPFC-PMy -1.02 089 -1.10 028
DLPFC-SMA 007 1.72 0.08 098
UH DLPFC-PMd 070 3.10 0.60 056
DLPFC-PMy 070 263 076 0.46
DLPFC-SMA 056 257 057 057
AH VLPFC-PMd 005 209 0.05 096
VLPFC-PMy 003 257 0.03 098
VLPFC-SMA —0.08 172 -0.06 095
UH VLPFC-PMd 1.01 3.49 0.85 0.41
VLPFC-PMv 0.96 4.47 0.56 0.68
VLPFC-SMA 002 201 0.02 099
Pinch AH DLPFC-PMd 172 3.9 1.57 0.13
DLPFC-PMy 066 316 054 059
DLPFC-SMA 056 267 055 059
UH DLPFC-PMd 078 388 052 061
DLPFC-PMv 3.48 551 3.56 <0.01*
DLPFC-SMA 077 335 0561 055
AH VLPFC-PMd 229 473 1.93 007
VLPFC-PMy 053 378 034 074
VLPFC-SMA 089 314 0.82 0.42
UH VLPFC-PMd 1.31 4.48 085 0.41
VLPFC-PMy —077 377 -035 073
VLPFC-SMA 077 331 063 053
UEFM AH DLPFC-PMd ~16.26 31.26 —071 0.49
DLPFC-PMy —47.72 —1.41 -2.11 0.045"
DLPFC-SMA —5.05 37.84 —024 0381
UH DLPFC-PMd -11.06 51.71 -0.36 0.72
DLPFC-PMy 17.87 67.82 074 047
DLPFC-SMA 426 56.92 047 087
AH VLPFC-PMd -23.10 29.04 -0.91 0.37
VLPFC-PMy —1254 53.11 -039 0.70
VLPFC-SMA ~20.08 25.10 -092 037
UH VLPFC-PMd —12.48 s52.47 -0.40 070
VLPFC-PMy ~10.95 80.89 -025 081
VLPFC-SMA -952 41.96 -038 071
Mo AH DLPFC-PMd 437 2117 054 0,60
DLPFC-PMy -835 916 -098 033
DLPFC-SMA 129 16.39 0.18 086
UH DLPFC-PMd 333 25.42 031 076
DLPFC-PMy 16.10 3253 2,02 005
DLPFC-SMA 501 23.43 056 058
AH VLPFC-PMd 411 22,69 0.46 065
VLPFC-PMy 000 23.47 0.00 1.00
VLPFC-SMA —026 15.92 -0.03 097
UH VLPFC-PMd 5.92 28.70 0.64 0.60
VLPFC-PMy -065 31.70 -0.04 097
VLPFC-SMA 1.15 -17.01 19.31 0.13 0.0

Individual multiple linear regression models were estimated for each tract to test the relationship between tract-related mean FA values and the four behavioral parameter grip force
(Grip), pinch force (Pinch) values, UEFM score, and the composite score MO. Estimated coefficients of the tract-related FA values were adjusted for age, lesioned hemisphere (dominant
or non-dominan), time atter stroke and CST integrity and are given with 95% confidence intervals. P-values are derived from each model separately and were not corrected for multiple
testing. Note that after correction for 48 models (30), none of the tracts reached the level of significance. Estimated coeffcients of the four covariates are not shown for the sake of
Clarity. AH, affected hemisphere, UH, unaffected hemisphere. Asterisks indicate significant tracts.
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DLPFC-PMd DLPFC-PMv DLPFC-SMA

AH UH AH UH AH UH

FA  Stioke 034 035 031 082 03 036
(£003) (£002) (£0.08) (£0.08) (003 (£003)
Control 035 035 032 033 087 038

(0.03) (£002) (£0.03) (+0.03) (£008) (£0.04)

VLPFC-PMd VLPFC-PMv VLPFC-SMA

AH UH AH UH AH UH

FA  Stioke 034 035 026 026 03 037
(£003) (£002) (£0.03) (£0.02) (008 (+003)
Control 0.36 0.36 0.26 0.26 0.38 0.38

(£0.03) (£0.02) (£0.03) (£0.03) (£0.02) (£0.03)

Overview of mean FA values presented as means (+SD) for the affected (AH) and
unaffected (UH) hemisphere. FA, fractional anisotropy; DLPFC, dorsolateral prefrontal
cortex; VLPFC, ventrolateral prefrontal cortex; PMd, dorsal premotor cortex; PMy, ventral
premotor cortex; SMA, supplementary motor area.
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Centers-of-gravity of prefrontal-premotor connections at the mid-level of the connections
{y = 10) for stroke patients and healthy participants. Individuzl x- and z-values are
given as mean (£SD) for the affected (AH) and unaffected (UH) hemisphere for both
groups. DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex;
PMd, dorsal premotor cortex; PMy, ventral premotor cortex; SMA, supplementary motor
area. Significant group differences are indicated by asterisks.
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45-50
70-75
60-65
75-80
60-65
60-65

45-50
45-50
60-65
75-80
75-80

75-80
80-85
70-75
45-50

Post CVA

(mos.)
48

12
72
36
8
12
48
24

228
45

104
56
1

47

6
42
26

Hand

RH

RH
RH
RH
RH
RH
RH
RH

RH
RH
RH
LH
RH

RH
RH
RH
RH

Race

Caucasian

Caucasian
Caucasian
Asian
Caucasian
Caucasian
Caucasian
African-
American
Caucasian
Caucasian
Caucasian
Caucasian
African-
American
Caucasian
Caucasian
Caucasian
Caucasian

Damage

Cortical

Cortical
Mixed
Cortical
Mixed
Mixed
Cortical
Mixed

Subcortical
Cortical
Cortical

Subcortical

Subcortical

Subcortical
Cortical
Mixed
Mixed

tDCS

Sham

Active
Sham
Sham
Sham
Ac
Active
Sham

Active
Active
Active
Active
Sham

Sham
Sham
Active
Active

DDK

K< <<< <<=<<=<<< <

< <<

N

Category
naming

¥

<< << <<

zzz <<

zzz

Y

WAB

zzzz< <<<<<<< <

zZzz

N

DDK
severity

Severe

Moderate
Mild
Mild
Mild

None
Mild
Mild

None
Moderate
Mild
Mild
None

Mild
Mild
Mid
na

Aphasia
type

Transcortical
motor
Anomic
Brocas
Anomic
Anomic
Anomic
Conduction
Brocas

Anomic
na
n/a
na
na

n/a
n/a
na
na

Diadochokinetic (DDK) severity ratings come from subtest 1 of the Apraxia Battery for Adults, 2nd edition (ABA-2 and aphasia diagnoses come from the Revised Western Aphasia
Battery (WAB-R)* at pre-test baseline.
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Conditions Mg (Ns2/mm) By (Ns/mm) Kg (N/mm)

£t diag [0.060, 0.060, 0.060] diag [0.060, 0.060, 0.060] diag [0.060, 0.060, 0.060]
2 diag [0.025, 0.025, 0.025] diag [0.025, 0.025, 0.025) diag [0.025, 0.025, 0.025]
E3 diag [0.015, 0.015, 0.015] diag [0.015, 0.015, 0.015] diag [0.015, 0.015, 0.015)
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Con
H1
Biceps Brachioradialis
Max Med Max Med
E1 051 0.45 0.46 0.40
E2 0.33 0.27 0.30 024
E3 0.22 0.16 021 0.15

Con, condition; Max, maximum value; Med, median value.

RMS EMG values of different subjects (V)

H2
Biceps Brachioradialis
Max Med Max Med
055 0.48 0.50 0.43
0.29 0.25 0.35 0.25
021 0.19 0.26 0.20

Biceps
Max Med
0.49 0.46
032 030
022 017

H3

Brachioradialis

Max

042
0.28
0.19

Med

037
021
0.15
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Sub

Gender

Male
Male
Male
Female
Female
Male
Male
Male
Male
Female

Age (years)

26-30
21-256
61-65
36-40
46-50
56-60
66-70
41-45
46-50
51-65

Height (m)

1.70
176
178
156
171
1.70
1.82
176
1.79
1.70

Weight (kg)

625
66.2
66.2
47.2
62.6
66.5
753
62.0
64.7
615

FMA score
(upper limb)

66 (ful)
66 (ful)
60
58
51
49
4“1
38
16
8

FMA score
(shoulder)

16
16
15
14
12
18
11
10
5

2

FMA score
(wrist)

33

MO e O e ~N® e

FMA score
(hand)

22
=
21
20
18
18
16
15
4
2

Status.

Healthy
Healthy

Slight paralysis
Slight paralysis
Moderate paralysis
Moderate paralysis
Moderate paralysis
Moderate paralysis
Severe paralysis
Severe paralysis





OPS/images/fneur-09-00817/fneur-09-00817-g007.gif





OPS/images/fneur-09-00817/fneur-09-00817-g008.gif





OPS/images/fneur-09-00817/fneur-09-00817-g009.gif





OPS/images/fneur-09-00817/fneur-09-00817-g010.gif





OPS/images/fneur-09-00817/math_11.gif
=Dy + IO +)1O .
(10)






OPS/images/fneur-09-00817/inline_8.gif
£() = 0. ()-8





OPS/images/fneur-09-00817/inline_9.gif
146)





OPS/images/fneur-09-00817/math_1.gif
M(O)6 + V(8,6) + 7((6,6) + Dy — J{ ()11 — J; (02 = 7,
(1)





OPS/images/fneur-09-00817/math_10.gif
Inv (Pa(t) + AP(t)) = Inv (P.(t)) = 6.(1),





OPS/images/fneur-09-00817/inline_4.gif





OPS/images/fneur-09-00817/inline_5.gif
8)
@,
T,





OPS/images/fneur-09-00817/inline_6.gif
©,8,8)





OPS/images/fneur-09-00817/inline_7.gif
8)
1,





OPS/images/fneur-09-00817/inline_3.gif
8)
T (8,





OPS/images/fneur-10-00872/fneur-10-00872-t003.jpg
Dominant (n = 7)

PEIs Injured
Axillary 6.02 (4.11-6.20*
Musculoc. 2.85 (1.84-6.20)"
Median 378 (3.60-5.26)"
Radial 4.65 (2.85-5.57)"
Ulnar 3.60 (2.85-4.60)"
MABC 3.06 (2.30-4.90)"

Uninjured

230 (1.84-3.60)
1.84 (1.84-1.84)
3.06 (2.85-3.60)"
3.60 (2.85-3.60)"
3.60 (2.85-3.60)"
3.06(2.85-3.60)

< 0.0001 compared to the control group (n = 14).

Non-dominant (n = 8)

Injured

6.02(5.62-6.20)""
6.20 (2.76-6.20)™"
6.20 (4.61-6.20""
6.20 (3.863-6.20)""
5.88 (3.60-6.20)""
6.11(3.73-6.201"

Uninjured

1.84(1.84-1.84)
1.84 (1.84-1.84)
3.06(2.90-3.06)
2.95 (2.60-3.73)
2.85 (2.85-3.73)
2.60 (1.95-2.60)
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PEIs Control (n = 14)

Axillary 1.84 (1.84-2.30)
Musculoc.  1.84 (1.84-2.07)
Median 279 (2.72-2.95)
Radial 2.84 (2.56-2.95)
Ulnar 2,85 (2.72-3.06)
MABC 232 (2.01-2.86)

<0.001, *

Injured (n = 17)

6.02 (4.84-6.20"*
6.20 (2.45-6.20)""
465 (3.69-6.20)"*
4.65 (3.42-6.20"*
4.11(3.33-6.20
411 (2.83-6.20

Uninjured (n = 17)

1.84 (1.84-2.30)
1.84 (1.84-1.84)
3.06 (2.95-3.60)"
3.06 (2.85-3.69)"
3,60 (2.85-3.69)"
2.85 (2.45-3.60)"

< 0.0001 compared to the control group (n = 14).
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Id

BPIO1
BPIO2
BPIO3
BPIO4
BPIOS
BPIO6
BPIO7
BPIO8.
BPI09
BPI1O
BPIT1
BPI12
BPI13
BPI14
BPI1S
BPI16
BPI17

F
H
H

DPDIDDIDDDDDDDDC > DD

Lesion

S, M,
S,M, 1
SIM, 1
S M, 1
SM, 1
S, M, 1
s

S,M
s M
I

s,M
S M,
S,M
s M
S M1
S M,
S M1

Side

PrCrCFDCCDCDDCCCC DD

T

x
6.1
3.3/4.2
3
122
8.4
6.1
49
1.7
x
1.3
56
6/10.4
4.6/10.7
x
3
11.8/13.8

Surgical procedures

x
C5 graft and unsp. NT

Int. to Musc. NT + Sup. NN

Int. to Musc. NT + Acc. to Sup. NT

©5, 06, and C7 NN

Acc. to Sup. NT

UL to Musc. NT + Acc. to Sup. NT + Rad. to Axi. NT
Ul to Muse. NT + Acc. to Sup. NT

UL to Musc. NT

x

UL to Musc. NT

Int. to Musc. NT + unsp. NN and neuroma dissection
Ul to Muse. NT + Acc. to Sup. NT

UL to Musc. NT + unsp. NN

x

Int. to Musc. NT + Acc. to Sup. NT

Int. to Musc. NT + Acc. to Sup. NT

T2

63
152
282
24
132
36.1
457
7.7
129
3
17.6
75
124
16
14.1
65
18.4

Hand., handedhness; R, right; L, left; A, ambidextrous; S, superior; M, midle; I, inferior; NT, nerve transfer; Int. to Musc, intercostal to musculocutaneous; Acc. to Sup., accessory
to suprascapular; UL to Musc., ulnar to musculocutaneous; Rad. to Axil, radlal to axillary; NN, nerve neurolysis; Sup., suprascapular nerve; unsp., unspecified procedres; T1, time
between the injury and the surgery in months; T2, time between the injury and the sensory assessment in months.
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Less severe (1 = 10) More severe (n = 7)

PEIs Injured Uninjured Injured Uninjured

Axillary 5.67 (3.98-6.02)"* 1.84 (1.84-2.30) 6.20 (6.02-6.20)" 1.84 (1.84-2.85)
Musculoc. 2.72 (2.18-6.08)" 1.84 (1.84-1.84) 6.20 (6.20-6.20)"" 1,84 (1.84-1.84)
Median 380 (3.60-4.61)" 3.06 (3.01-3.19)" 6.20 (6.20-6.20)" 3.06(2.85-3.60)"
Radial 3.94 (3.01-4.65)" 3.60 (2.85-3.78)" 6.20 (6.20-6.20)" 2.85 (2.60-3.60)
Ulnar 360 (2.79-8.73) 360 (285-3.64)" 6.20 (6.20-6.20)" 285 (2.85-3.78)
MABC 3.33(2.30-8.79)" 3.06 (2.52-3.64)" 6.20 (6.02-6.20)" 2.60 (2.30-2.85)

< 0.00071 compared to the control group (n = 14).
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Intervention Phase Repeated measures ANOVA Post hoc

analysis
Before After FU Mean between-group differences. Group between-  Time within-  Time xgroup  within-group
participants  participants  interaction
Before After FU T4-TO  T2-TO
Outcome ~ Group Mean (SD) Mean (SD) Mean (SD)  95% Cl (LB, UB) 95% CI (LB, UB) 95% CI (LB, UB) P P P P P
Measure
MAL-AGU  EG  96.31(45.10) 100.71 (46.15)100.92 (46.71) —6.00 (~34.83; 22.84) —4.07 (~32.87; 24.73) —3.69 (~32.97;2560) n.s. 0.007* ns. 0.005"  0016*
GG 102.31 (43.58) 104.78 (42.55)104.61 (43.45) ns. ns.
MAL-QoM EG  96.95(41.37) 10215 (42.17)101.68 (43.30) 1.01(-26.44;27.45) 1.43(-2576;2862) 1.79(-2599;2957) ns. <0.001* ns. <0.001* 0.015*
CG 9594 (39.95) 100.72 (41.38) 99.89 (42.10) 0013 ns.
MSQOL-54 EG  42.46(19.18) 44.77 (18.60) 45.59 (19.84) —1.39(~13.70;10.92) 1.59(~11.10;14.27) 321(-9.18;1560) ns. ns. ns. - -
(PH) CG  4385(17.17) 43.18(18.75) 42.48 (17.78) - -
MSQOL-54 EG ~ 54.61(25.77) 58.78(22.10) 58.85(24.29) —2.14 (—~17.50; 13.23) —1.99 (~17.40;1.41) 2.20(~13.52; 18.11) nis. ns. ns. - -
(MH) CG  56.75(19.38) 60.78(23.19) 57.41(23.30) - -
UFE-H(acc) EG  7.22(1.90) 7.42(184) 7.36(1.83) —024(-1.28,081) —0.13(-1.13;087) -0.23(1.23,076) ns. 0.01* ns. 0.002°  0.026°
G 745(129) 755(122  7.6(1.21) ns.  ns
LFEH(PS) EG  396(0.83) 420(065) 4.20(0.75) —017(-0.70;036) —009(-0.54;035) =—0.12(-0.60;037) n.s. <0.001* ns. 0.001*  0.001*
CG 413078 438(071) 441(0.74) 0.001"  0.024"

EG, Experimental group; CG, Control group; FU, Follow Up; QOL, Quality Of Life; MAL-AoU, Motor Activty Log—Amount of Use; MAL-QoM, Motor Activity Log—Qualty of Movement; MSQOL-54 (PH), Muttile Scierosis Quellty of Life
(Physical Health); MSQOL-54 (MH), Multiple Sclerosis Quality of Life (Mental Health); LIFE-H (ecc.), Life Habits (accomplishments); LIFE-H (PS), Life Habits (Patient Satisfaction).

“Statistically significant.

otrend toward statistical significance; for post-hoc analysis p significant if <0.025; 95% confidence interval (CY), LB lower bound, UB upper bound.
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Before
Outcome Measure Group ~ Mean (SD)
PRIMARY OUTCOME MEASURE
ARAT EG  41.57(15.22)
CG  41.55(14.62)
SECONDARY OUTCOME MEASURES
NHPT speed EG  019(0.10)
cG  0.19(0.10)
FM EG  51.71(14.89)
CG 5267 (12.69)
Mi EG 81.24 (17.11)
G 80.72(14.04)

After

Mean (SD)

4652 (14.43)
45.11 (13.39)

021 (0.11)
022(0.13)
5456 (13.71)
57.11 (11.27)
84.94 (14.20)
84.72 (13.31)

FU

Mean (SD)

45.76 (15.55)
45.44 (14.01)

022(0.12)
024 (0.18)
55.61 (13.41)
56.11 (12.38)
85.32 (14.69)
84.17 (14.10)

Intervention Phase

Mean between-group differences Group between-
participants
Before After FU

95% Cl (LB, UB) 95% CI (LB, UB) 95% Cl (LB, UB) P
002(-9.69;972)  1.41(-7.63;10.45)  0.32 (~9.31;9.94) ns.
~0.004 (~0.07;0.08)  —0.02 (~0.10; 0.06)  —0.02 (~0.10; 0.06) ns.
—0.95(-9.88; 7.97) —2.55(~10.65;5.56) —~0.50 (~8.87;7.87) ns.
052(-9.59;10.63)  022(-8.72,9.15)  1.15(-8.21;10.51) ns.

EG, Experimental group; CG, Control group; FU, Follow Up; ARAT, Action Research Am Test; NHPT, Nine Hole Peg Test; MI, Motricity Index.

*Statistically significant.

o Trend toward statistical significance; for post-hoc analysis p significant if <0.025; 95% confidence interval (CY), lower bound (LB), upper bound (UB).

Time within-
participants

<0.001*

<0.001*

<0.001*

0.001*

Repeated measures ANOVA

Time x group
interaction

ns.

ns.
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Experimental Group Control Group Between-group analysis

(n=23) (h=21)
Age (years) [mean (SD]] 51.96 (1087) 50.67 (10.80) ns.
Gender (Male/Female) 10/13 41487 ns.
Disease onset age (years) [mean(SD)] 3757 (1191) 3657 8.82) ns.
Disease duration since diagnosis (years) [mean(SD)] 18.48 (7.82) 14.19(9.78)
Type of MS (RR/PP/SP, respectively) 16/01/06 10/02/09
EDSS score [median (Q1-Q3) 6.005.00-6.60] 600 [4.00-7.25] ns.
Cerebellar Functions 1[0-1) 109 ns
Dominant hand (R/L) 19/4 20/1
Trained hand (DH/NDH) 11712 911
MAS [median (Q1-Q8))
Elbow oo-1) 0[0-1) ns.
Wrist 0[0-0) 0[0-05)
Fingers 0[0-1] 0o-1]
TSS Score [median (Q1-Q3)
Rest tremor 0[0-0] 0[0-0] ns.
Postural tremor 0[0-1] 0[0-1) ns.
Kinetic tremor 0[0-1) 0[0-1) ns.

RR, Relapsing Remitting; PP, Primarly Progressive; SR Secondary Progressive; EDSS, Expanded Disability Status Scale; DH, Dominant Hand; NDH, Non Dominant Hand; MAS, Modified
Ashworth Scale; TSS, Tremor Severity Scale; Mi, Motricity Index.
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Theme

Application

Gait adaptability

“Microbes”

Walking*

“Perturbations”

Balance in stance

“Traffic jam”

Virtual environment

Task

Training purpose

Gollecting as many green
microbes by changing one's
position on the treadmill during
gait.

Accelerate and decelerate,
change walking direction, adapt
step length, avoid obstacles, and
perform foot clearance.

Walking on the treadmill and
responding as quickly and
acourately as possible to the
perturbations.

React to: sideward translation of
the treadmil, treadmill pitch
forward or backward,
acceleration or deceleration of
one treadmill beit.

Letting cars cross the road by lifting
the feet in stance.

Shift weight, perform foot clearance,
and initiate steps.
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Sex (male/fernale)

Age (years), mean (SD)
Post-injury (months), mean (SD)
AS'(C/D)

BMI**, mean (SD)

FAC*(3/4/5)

More affected side (ieft/ right/ no
difference)

Performed baseline 1,
baseline 2 and post
measurement (N = 15)

174
59(12)
42 (48)
213
27 ()
1/6/8
71305

*AIS, American Spinal Injury Association Impairment Scale.

"BMI, Body-Mass Index.

“FAC, Functional Ambulatory Category.

Completed
follow-up
~N=10)

ezl
59(12)
42 (46)

19
26(2)
1/4/5
5/1/4
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The length of training time

r P-value
A RPD 0.800 <0.001
A SPL —0.747 0.001
AMPT 0.200 0.474
A RGS —0.043 0.879
ATL -0.071 0.801
A NPA 0.067 0814
A LPWT 0.333 02256

4, 6 weoks-baseline; RPD, Retropalatal distance; SPL, Soft palate length; MPT, Meximum
palatel thickness; RGS, Retroglossal space; TL, Tongue length; NPA, Nasopharyngeal
airway (mm); TLPT, Total lateral pharyngeal soft tissue thickness.
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DPR
SPL
MPT
RGS
T
NPA
LPWT

Control*

1.8(0.2)
50.3(4.8)
10.0 (1.6)
10.0 (1.8)
67.6(6.8)

3562 (22.6)

789 (6.6)

Therapy*

2.1(02)
455(1.9)
10.0(1.3)
10.1(1.8)
66.2(9.4)

362.6 (32.5)

80.3(7.5)

P-value

0.000
0.002
0.886
0.846
0.613
0.462
0.571

t-value

4.02
3.33
-0.145
-0.195
0512
-0.745
-0.573

Cohen’s d (95%
confidence intervals)

1.468 (0.646, 2.269)
1214 (0.423, 1.988)
0.053 (~0.664, 0.769)
0071 (-0.645,0.787)
0.187 (-0.532, 0.903)
0.272 (~0.450, 0.989)
0.200 (~0.510, 0.925)

RPD, Retropelatal distance; SPL, Soft palete length; MPT, Maximum palatal thickness;
RGS, Retroglossal space; TL, Tongue length; NPA, Nasopharyngeal airway (mm?); LPWT,
lateral pharyngeal wall thickness. "Values are presented as mean (standard deviation).
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Control Therapy

Baseline  6weeks  Baseline
RPD 1704 18(02) 1.7 0.4)
SPL 502(1)  50.3(48  492(2.7)
MPT  99(14) 100(15)  96(1.8)
RGS  91(17) 100018t 9522
i 67.187)  67.6(68  66.1(8.4)

NPA  351.9(245) 3552(226) 355.6(28.2)
LPWT  79.4(7.3) 789 (6.6) 79.2(8.0)

6 weeks

2.1 (02t
455 (1.91#
10.0 (1.3)
101 (1.8)f
66.2(0.4)
3626 (32.5)
803 (7.5)

P-value

0.018
0.044
0.656
0.747
0.951

0.781

0.659

RPD, Retropelatal distance; SPL, Soft pelete length; MPT, Maximum palatal thickness;
RGS, Retroglossal space; TL, Tongue length; NPA, Nasopharyngeal airway (mm?); LPWT,
lateral pharyngeal wall thickness. TP < 0.05 baseline vs. 6 weeks. *P < 0.05 control (6

Weeks) vs. therapy (6 weeks).
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The length of training time

r P-value
A AHI -0.833 < 0.001
A Min SaOp 0.487 0014
AA —0.541 0.035
Asl —0.605 0.001
A SSS —0.450 0.024
A PsQI —0.462 0.020
A MMSE 0.358 0.079
A FMA 0.627 0.001
A Barthel index 0.569 0.003

4, 6 weoks - baseline; AHI, apnea~ hypopneaindex; Sa0,, oxygen saturation; A, arousal
index per sleep hour; S, snore index; SSS, Stanford sleepiness scale; PSQ, Pittsburg
sleep quallty index scale; MMSE, Mini-mental State Examination; FMA, Fugl-Meyer
Assessment.
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Control* Therapy* P-value t-value Cohen’s d (95% confidence intervals)

AHI 195 (35) 143 (4.1) 0.000 4615 1.319(0.693, 1.933)
Min S202, % 822(4.2) 85.8(4.2) 0.001 -3520 1,006 (0.406, 1.597)
Al 16.9(3.8) 13.03.3) 0.003 3.146 0.899 (0.306, 1.483)
sl 18.2(4.5) 137 (6.6) 0.000 4366 1.248 (0.628, 1.856)
ESS 55(5.0,60) 4.0(30,45) 0.001 3503 1.001 (0.401, 1.592)
Psal 76(18) 57(1.9) 0.000 ~1216 1.187 (0573, 1.791)
MMSE 26.1(1.9) 269(2.2) 0.230 —4.155 0.348 (~0.219, 0.910)
FMA 42.0(10.3) 57.5(15.2) 0,000 —4.941 1.415(0.780, 2.037)
Barthel index 45.0 (35.0, 55.0) 60.0(51.3,70.0) 0.000 4615 1.319(0.692, 1.933)

AH, apnea-hypopnea index; SaOz, oxygen saturation; A, arousal index per sleap hour; S, snore index; SSS, Stanford Sleepiness Scale; PSQ, Pittsburg sleep quality index scale;
MMSE, Mini-mental State Examination; FMA, Fugl-Meyer Assessment, *Values are presented as mean (standard deviation) or median (interquartile range).
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Control Therapy P-value

Baseline 6 weeks Baseline 6 weeks.

AHI 20.1(3.0) 19.53.5) 208(4.0) 143 @M 0.004
Minimum Sa0j, % 812(39 822(42) 808(4.6) 858 (4.21# 0039
A 17.3(32) 16.9(3.8) 18.2 (38) 13.0 B3 0010
sl 19.4(4.4) 18.2(4.5) 18.4 (4.4) 13.7 (6.6 0.006
sss 60(5.,60) 55(5.0,6.0) 60(5.0,6.0) 4030, 4.5)H# 0.005
Psal 80(1.7) 76(1.8) 7.6(1.8) 5.7 (1.9t 0017
MMSE 24.8(2.5) 26.1 (1.9t 25.8(2.6) 269 2.2t 0.741
FMA 33382 420 (103) 3050.2) 57.5(15.2)H# 0.006
Barthel Index 30.0(27.5,37.5) 45.0(35.0, 5.0/t 30.0(26.6,35.0) 60.0(51.3, 70.0t# <0.001

AH, apnea-hypopnea index; SaOz, oxygen saturation; Al, arousal index per sleep hour; S, snore index; SSS, Stanford sleepiness scale; PSQ, Pittsburg sleep quality index scale;
MMSE, Mini-mental State Examination; FIMA, Fugl-Meyer Assessment. Values are presented as mean (standard deviation) or median (interquartie range). 'P < 0.05 baseiine vs. 6
weeks. P < 0.05 control (6 weeks) vs. therapy (6 weeks)
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Characteristic

Age
Male, no.

BMI, kg/m?

Neck circumference, cm
NIHSS

MEDICAL HISTORY

Snore history

Hypertension

Diabetes

Hyperipidemia

Atrial fibrillation

Current smoker

Stroke type

ischemia

Hemorrhage
PERFORMANCE SCALE
MMSE

FMA

Barthel Index

SLEEP CHARACTERISTICS
ss8

Psal

PSG RESULTS

AHI

Minimum SaOg, %

A

sl

Central facial paralysis

Days between onset to rehab unit
Training time, min

Control (n = 24) Therapy (n = 25) P-value

655 (10.4)
17 (708)
278(32)

43.0(42.0,45.0)
8.4(27)

18 (75.0)
21(87.5)
14 (58.3)
13(54.2)
7(292)
17 (708)

21875)
3(12.5)

24.8(2.4)
333(82)
30.0(27.5,37.5)

60(5.0,6.0)
80(1.7)

20.13.0)
812(33)
17.3(3:2)
19.4 (4.4)
12/(50.0)
11.926)

1482.7 (108.0)

63.4(9.9)
19 (76.0)
267 2.8)

43.0 (420, 44.5)

7.7(26)

16 (64.0)
25 (100)
13 (62.0)
16 (64.0)
11 (44.0)
14 (56.0)

17(68.0)
8(32.0)

25.8(2.5)
305(0.2)

30.0(26.6,35.0)

6.0(5.0,6.0

76(1.8)

20.8(4.0)
80.8(4.6)
182 (3.8)
18.4 (4.4)
18 (72.0)
123(35)

15132 (102.7)

0.449%
0.399°
0.1822
0.120°
03702

0.404°
0.068°
0.656°
0.484>
0.2820
0.201°
0.102°

0.1722
0.2662
0.837¢

0.675¢
0.750%

0.494%
0.724%
0.4112
0.472%
0.114°
06562
0.306%

BMI, body mass index; NIHSS, NIH Stroke Scale; MMSE, Mini-mental State Examination;
FMA, Fugl-Meyer Assessment; SSS, Stanford sleepiness scale; PSQ), Pittsburg sleep
quality index scale; PSG, polysomnogram; AHI, apnea-hypopnea index; A, arousal index
per sleep hour; SI, snore index. Values are presented as mean (standard deviation), n (%)
or median (interquartile range). @ Student t-test. > Fisher exact test, “Mann-Whitney U test.
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Motion requirement

(1) pronouncing an oral vowel intermittently and continuously;

(2) brushing the superior and lateral surfaces of the teeth by tongue;

(3) placing the tip of the tongue against the front of the palate and siiding the tongue backward;
(4) forced tongue sucking upward against the palate, pressing the entire tongue against the palate;

(6) forcing the back of the tongue against the floor of the mouth while keeping the tip of the tongue
in contact with the inferior incisive teeth;

(6) extended tongue;

(7) orbicularis oris muscle pressure with the mouth closed;
(8) gargle without water;

(9) suction movements contracting only the buccinator;

(10) ice stimulation on the soft palate, palatal arch, tongue root, and posterior wall of the pharynx.

Times or duration

5 times
5times
2min
2min
2min

200 times
30sx 4
200 times
5sx 10
5sx 10

completion status

Yes/No
Yes/No
Yes/No
Yes/No
Yes/No

Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
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Quaiity Summary of findings Importance
assessment
No. of patients Eftoct

No.of Study design  Risk of Inconsistency  Indiroctness  Improcision  Other Manual TPs  Other  Relative ~ Absolute (95% C) Quality

studies bias considorations  treatment  treatment  (85% CI)

Fraquency (attacks/month) ~TTH and MH pooled

6 Randomized tials  Serovs®™<*  Serious" Notserious  Serous’ None 148 138 - MD30Slower @00 Citical
(@11 lower 02,00 lower) _ Verylow

Frequency (attacks/month)~TTH

4 Randomized tials  Serous™ Serous Notserous  Serous’ None % % - MD350lower @0 Citical
(491 lower 02,09 lower) _ Very low

Frequency (attacks/month)~MH

2 Randomized tials  Serous” Notseous  Notsetous  Seious  Nene 5 a8 - WD192lower ©om  Ciical
.03 lower 00.80 lower) _ Low

Intensity (0-100 scale)~TTH and MH pooled

6 Randomized tials  Very serious**<*  Veryserious’  Notsecious  Serious’ None £ 116 - VD1283lower @0 Important
(18.70 ower 107,16 lowen) _ Verylow

Intensity (0-100 scale)~TTH

4 Randomized tials  Very serious™*  Veryserious’  Notsorous  Sorious' None 7 o - WD 1283 lower @0 Imporant
(19.49 lower 106.17 lower) _ Verylow

Intensity (0-100 scale)~MH

2 Randomzedials  Veryserous™®  Notserous  Notserkus  Veryserus’  Nono 2 2 - WD13s0lower @0 Imporant
(19.54 ower 10 766 lower)  Very low

Duration (hours)—TTH and MH pooled

s Randomized tials  Serous” Veyseious®  Notseious  Serous Nore 54 % - WD169lower @0 Important
(293 lower 0.0.46 lower) _ Verylow

Duration (hours)~TTH

2 Randomized tias  Serous” Serous® Notserous  Serius’  None 2 s - MDOS1 lower @0 Imporant
(097 lower 0 0,04 lower)  Verylow

Duration (hours)—MH

1 Randomized tials  Serous” Notserious  Notseious  Very serious’  None 2 2 - VD10s8lower @0 Important
(14.41 ower 10 6.95 lower)  Verylow

*Lack of binding of participants and personnel
“Lack ofbinding of outcome assessment.

“Unciear alocation conceaiment.

“Selective reportng (feportng bias).

“Moderate heterogenelty (50 < F < 75%)

Loss than 400 subjects.

sHigh heterogenety (> 75%.

“incomplete outcome deta (atron bias.

(One tral excludoc from quantiatie analysis oue toreporting bias.

Only ore ral.

TTH, tension type headache; MH, migraine; TrPs, trigger points; MD, mean difference; Cl, confidence interval.
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Reference Headache
Ajimsha (65) TTH
Berggreen (75) ™
Ferragut-Garcias TTH
Ghanbari (74) TTH
Moraska (64) T
Ghanbari (76) MH
Lawler (67) MH

Compression techniques

Ischemic compression
Pressure release
TRP Trigger Point Release Massage

x

X

Muscle energy
techniques

PIR
CRAC

Myofascial
techniques

Myofascial
release
DT/IDT-MFR

X

X

Soft tissues Positional
techniques release
techniques
SSTM PRT
Deep transverse
friction
X
X
X

TTH, tension type headache; MH, migraine; PIR, post isometric relaxation; CRAC, contract relax antagonist contraction; DT/IDT-MFR, direct/indirect myofascial release; SSTM,
specific soft tissue mobilization; PRT, positional release therapy.
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TTH

Berggreen (75)

TTH

Ferragut-Garcias (60)

Ghanbari (74)

TTH

TTH
MH

Ghanbari (7

Moraska (64)

MH

Lawler (67)

TTH, tension type headache; MH, migraine.
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Outcome ~ Study Headache Comparator Scale Group Randomized Drop Available  Baseline  Posttreatment/run-out ~Follow-up
out
Frequency  Ferragut- TIH  Shammassage  Attacks x 4 weeks® Treatment 25 2 23 172446 94128 96134
ofattacks ~ Garcias (50) Control (sham massage) 25 1 2 144454 13850 136+ 46
Moraska (64) TH (1) Placebo Attacks x 4 weeks®  Treatment 20 3 17 14.88 £ 0.92 1044 £13
(2) Wait list Placebo (detuned US) 21 s 19 15.24 + 0.84 11.84 + 1.31
Control (wait list) 21 G | 20 14.76 + 0.84 12.86 + 1.27
Ajimsha (65) TIH  Shammassage  Attacks x 4 weeks Treatment 1 25 3 2 120528 4917
Treatment 2 2 3 2 124528 5713
Control 13 1 12 120225 10427
Ghanbari (74) TIH  Routine medication  Attacks x 4 weeks Treatment 15 0 15 2488+ 4.44 15.32 £ 8.90
Control 15 0 15 2226 +3.98 2040 + 4.80
Lawier (67) MH  Waitist Attacks x 4 weeks®  Treatment 24 1 23 6.08 + 5.00 4.28 1 5.36
Control 2 3 21 7.04 1 4.96 6.88 1 5.32
Ghanbari (76) MH  Routinemedication  Attacks x 4 weeks®  Treatment 22 9 2 800+ 2.54 4.26 £ 1.64 462 +1.98
Control 22 o 2 79198 6.08.+2.34 5.62 £ 1.90
Intensity of  Ferragut- TIH  Shammassage  O-10VAS® Treatment 25 2 23 44x11 2848 28410
atacks  Garcias (50) Control 25 1 2 56+ 11 54110 54311
Moraska (64) TIH (1) placebo 0-100VAS Treatment 20 3 17 3142269 2284303
@ Wolet Placebo (detuned US) 21 2 19 3334252 3154280
Control (wait lst) 21 1 20 312246 2004274
Berggreen (75) TTH Wait list 0-100 VAS Treatment 20 g 19 280+ 159 162+ 11.8
Control 19 3 16 266+ 126 2491145
Ghanbari (74) TIH  Routine medication  0-10 NPF Treatment 15 9 15 5804175 46.9.+249
Control 15 0 15 60399 636+ 11.4
Lawler (67) MH  Waitlist 0-5 pain scale Treatment 24 1 2 No data® No data®
Control 24 3 21 No data® No data®
Ghanbari (76) MH  Routine medication 0-5 pain scale® Treatment 2 o 22 668+ 17.4 4224116 300415
Control 22 o 22 700 14.2 55.8+8.2 652+ 14.8
Duration of  Moraska (64) TIH (1) Placebo Hours x attack Treatment 20 3 17 315£043 2,65+ 047
attacks 2 WAT st Placebo (Detuned US) 21 2 19 2,86+ 0.40 3014044
Control (wait lst) 21 1 20 302039 3124043
Ghanbari (74) TIH  Routine medication ~ Hours x attack Treatment 15 o 15 6424570 2194228
Control 15 ] 15 5.37 £ 3.47 5.02 +393
Ghanbari (76) MH Routine medication Hours x attack Treatment 22 o 22 3559+ 133 8.54 +£3.76 8.95+5.12
Control 2 o 2 3536885 1922£8.09 18.09.27

“Values indicated in bold have been normalized as attacks per month.
“Values indicated in bold have been normaiized o a 0~100 numeric pain scale.
UC, usual care; RM, routine medication; US, ultrasound; TTH, tension type headache; MH, migraine; VAS, visual analog scale; NP|, numeric pain index.
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Authors

Yeoetal. (22)

Seo and Jang (20)

Seo and Jang (29)

Yoo etal. (24)

Jang et al (25)

Jang et al. (26)

Jang and Kwon (27)

Jang and Seo (28)

Jang et al. (29)

Jang et al. (30)

Publication
year

2012

2013

2014

2014

2015

2016

2016

2016

2018

2018

Number of patients

20

Clinical evaluation
method

MMSE
WAIS

MMSE
WAIS
MAS

WAIS
MAS

WAIS
MAS

WAIS
MAS

MMSE
WAIS
MMSE

MMSE
WAIS

MAS

MMSE

Duration to DTI

6 months

7 days
14 months

1 month

7 months
Average
6.98 months
2 weeks

6 months
4 weeks

9 months
4 months
4 years

6 weeks
6months
10 months
3 months
2 years

3 weeks

Pathology of brain Recovery
injury mechanism
T8I 2
Hypoxic-ischemic brain 1

injury

SAH 2

8l 2

T8I 4

Bl 3
Brain tumor, ICH 1

T8I 5

T8I 1

ICH 4

IH

SAH

DTI, Diftusion Tensor Imaging; TBI, Traumatic Brain Injury; MMSE, Mini-Mental State Examination; WAIS, Wechsler Adult Inteligence Scale; MAS, Memory Assessment Scale.
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Pre-intervention ~Post-intervention ~Follow-up

LEAN-AND-RELEASE PERTURBATIONS

Backward 64 (44) 73(42) 80(39)
Forward 73 (41) 82(33) 81(35)
PLATFORM PERTURBATIONS

Backward 38 (24) 81(28) 85 (25)
Forward 56(35) 92 (18) 93 (14)
Toward paretic side* 28(21) 66 (41) 69(37)
Toward non-paretic side* 36(32) 92 (12) 80 (25)

“N.B. This concerns both side steps and cross-over steps.
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Pre-intervention Post- Follow-up Main effect of First Final Main effect of

Mean (SE)  intervention  Mean (SE) time pre-intervention pre-intervention  time
(n=20) Mean (SE) (n=20) (p-value) Mean (SE) Mean (SE) (p-value)
(n=20) (n=20) (n=10) (n=10) (n=10)
PRIMARY OUTCOMES
Lean-and-release perturbations
Backward leg angle (°) 03(12) 45(1.9) 40(12) 0001 —16(1.7) -08(1.2) 0589
Forward leg angle (°) 22.4(0.8) 25.2(0.5) 25.1(0.7) <0.001 23.0(1.1) 23.0(1.2) 0.987
SECONDARY OUTCOMES
Platform Perturbations
Backward leg angle (°) ~20(1.4) 21(1.19) 25(08) 0001 -85(1.7) —32(1.5) 0.730
Forward leg angle (°) 21.1(08) 23.6(0.5) 233(0.7) 0001 20.1(1.5) 20.4(08) 0699
Paretic side step (%) 19(8) 59(11) 58(11) 0001 29(15) 30(15) 0907
Non-paretic side step (%) 37 (10) 84(6) 80(7) <0.001 21 (14) 38(16) 0.374
Paretic side step leg angle (°)* 17.6(1.5) 19.8(1.3) 19.4 (1.2) 0012
Non-paretic side step leg angle ()*  17.6(0.7) 18.8(0.6) 19.7 (05) 0001
Clinical Scales
BBS 52.4(0.9) 53.3(0.7) 52.7(0.8) 0047
s 16.1(0.6) 17.90.7) 16.7 (0.6) <0.001
6-ABC M1567) 45.1(48) 494 5.6) 0014
Cormfortable walking speed (km/h) 3.5 (0.2) 37(0.2) 36(02) 0127
UG (5) 10.4(08) 10.8(08) 10.0 08) 0307

Estimated marginal means (standerd errors) for leg angles, percentage side steps, and clinical sceles at pre-intervention, post-intervention, and follow-up for the total study sample (n
= 20) and mean values (standrd errors) for leg angles and percentege side steps at the first and final pre-intervention assessment (0 = 10).

“Only three participants who received two pre-intervention assessments (n = 10) took a paretic side step at both assessments, whereas none of the participants took a non-paretic side
step at both assessments. Therefore, sideward leg angles were not compared between pre-intervention assessments. BBS, Berg Balance Scale (range: 0-56); TIS, Trunk Impaiment
Scale (range: 0-23); 6-ABC, 6-item short version of the Activity-specific Balance Confidence scale (range: 0~100%); TUG, Timed Up and Go test.
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Session Forward perturbations Backward perturbations Perturbations toward paretic Perturbations toward

side non-paretic side
fand2 1.02 0.21) 083(0.18) 1.06 (0.22) 1.10(0.20)
3and4 1.28 (0.24) 1.05(0.29) 1.35(0.28) 1.41(0.24)
5and6 1.53 (0.30) 1.28 (0.26) 1.61(031) 1,67 (0.29)
7and8 1.80 (0.34) 1.49 (031) 1.88 (0.39) 1.94 (0.35)
9and 10 2.04 0.41) 1.67 (0.36) 2.140.44) 221 (0.40)

Multiple stepping threshold 3.03 (1.36) 2.21(0.88) 1.78 (0.90) 1.68 (0.96)
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Session Intensity of the perturbation
1 Initial”

2 Initial

3 125% of iniial
4 125% of iniial
5 150% of inital
6 150% of nitial
7 175% of initial
8 175% of iniial
9 200% of initial
10 200% of initial

*The initial training intensity was the maximal intensity at which participants restored their balance without taking a step, plus 0.25 m/s?.

of the

perturbation

Direction indicated and
countdown to perturbation onset

Direction indicated

Direction indicated

Randorn direction within blocks that
contained perturbations in two

directions [see graph: diagonal steps
with paretic leg (blue) and non-paretic

leg (red)]

Random direction within blocks that
contained perturbations in two
directions [see graph: diagonal steps
with paretic leg (blue) and non-paretic

leg (red))

Random direction within blocks that
contained perturbations in two
directions [see graph: diagonal steps
with either leg forward (purple) or
backward (green))

Random direction within blocks that
contained perturbations in two
directions (see graph for colored
combinations)

Al directions in random order

Al directions in random order

Al directions in random order

#The arrows in the graph depict the perturbation direction (forward, backward, paretic, non-paretic, and four diagonal directions).

Addi

nal training conditions

Cognitive dual task (visual Stroop task)

Motor dual task (marching in place)

Cognitive dual task (visual Stroop task)

Motor dual task (marching in place)

Combined cognitive and motor dual task
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Sex (men/women, % men) 12/8,60%

Age (years)" 60.1(8.1)
Months since stroke* 50(39.4)
Stroke type (ischemic/hemorhagic, % ischemic) 12/8, 60%
Affected body side (ieft/right, % left) 12/8,60%
Fall history (number of falls in previous year)* 16(18)
MMSE (range: 0-30)* 27.8(1.9)
QUT lateral malleolus affected side (range: 0-8)" 42(22)
MI-LE (range: 0-100)" 633(198)
FMA-LE (range: 0-100%)" 64.9(17.7)
FAC (4/5, % FAC 4) 4/16, 20%

MMSE, mini mental state examination; QVT, quantitative vibration threshold; MI-LE,
Motricity Index lower extremity; FMA-LE, Fugl-Meyer assessment lower extremity; FAC,
Functional Ambulation Categories. *Values are presented in means (SD).
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Manual TrPs Treatment Control Mean Difference Mean Difference Risk of Bias

Study or Subgroup Mean SD__ Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI ABCDEF
LL1TTH

Ajimsha 2011 (1) 5.7 13 22 104 27 6 114% 93,-2.47) —_— @

Ajimsha 2011 (2) 49 171 22 104 27 6 1L1% 78,-3.22) —_

Ferragut-Garcias 2016 (3) 9.4 2.8 23 138 5 24 1L0% 70, -2.10) —_—

Ghanbari 2012 (4) 1532 89 15 204 48 15  3.6% -5.08(-10.20,0.04]

Moraska 2015 (5) 10.44 13 8 1184 131 19 18.6% -140[-2.48,-0.32) -

Moraska 2015 (6) 10.44 13 9 12.86 127 20 19.0% -2.42(-3.44,-1.40] ——

Subtotal (95% Cl) 99 90  74.7% -3.50 [-4.91, -2.09] -

Heterogeneity: Tau® = 1.
Test for overall effect: Z

hi? = 17.73, df = 5 (P = 0.003);

; 72%
.87 (P < 0.00001)

112 MH

Ghanbari 2015 (7) 426 164 22 608 234 22 17.8% -1.82[-3.01,-0.63]
Lawler 2006 (8) 4.28 5.36 23 6.88 532 21 7.5% -2.60(-5.76,0.56]
Subtotal (95% CI) 45 43 253% -1.92[-3.03,-0.80]

Heterogeneity: Tau? = 0.00; Chi® = 0.20, df = 1 (P = 0.65); I = 0%
Test for overall effect: Z = 3.36 (P = 0.0008)

Total (95% CI) 144 133 100.0% -3.05 [-4.11, -2.00] >
Heterogeneity: Tau? = 1.26; Chi? = 19.30, df = 7 (P = 0.007); I* = 64% T S m——]
Test for overall effect 67 (P < 0.00001) , Favours [experimental] Favours [control]
Test for subgroup differences: Chi? = 2.98, df = 1 (P = 0.08), I = 66.5%

Eootnotes Risk of bias legend

(1) 24 sessions in 12 weeks; Indirect Technique VS Sham massage (A) Random sequence generation (selection bias)

(2) 24 sessions in 12 weeks; Direct Technique VS Sham massage () Allocation concealment (selection bias)

(3) 6 sessions in 4 weeks; Pressure release VS Sham massage (O) Blinding of participants and personnel (performance bias)
(4) 5 sessions in 2 weeks; Positional release therapy VS Routine medication (D) Blinding of outcome assessment (detection bias)

(5) 12 sessions in 6 weeks; Trigger point release massage VS Detuned US () Incomplete outcome data (attrition bias)

(6) 12 sessions in 6 weeks; Trigger point release massage VS Wait list (F) Selective reporting (reporting bias)

(7) 5 sessions in 2 weeks; Manual treatment + Routine Medication VS Routine Medication
(8) 6 sessions in 6 weeks; Release massage VS Wait List
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Incomplete outcome data (attrition bias) _:-
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TABLE 1 | Continued

Reference, HA diagnosis, No. of subjects  Intervention treatment/ Duration/follow-up  Outcomes/measure units
Design, recruited, drop-out, sample size  control
Country calculation (primary outcome),

trial arms, and No. of participants

Moraska (54,  CTTH/FETTH (diagnosis Al groups: two 45" session Duration 10 weeks:  Self reported daiy headache diary
RCT, USA by neurologist) per week for 6 weeks. ~ 4wk baseine ~ Frequency of attack: no. of days
N=62(48F, CTTH = 30, TG: manual TiPs treatment ~ 6 wk treatment with HAin 4 weeks
FETTH = 26) composed by 15’ of myofascial Run out: ~ Intensity: 100 mm VAS
Drop-out: 6 release, 20 of trigger point release ~ 4 wk post ~ Duration: number of hours per attack.
Sample size calculation: massage TRP, 10' PIR treatment Other outcomes:
yes (frequency) PG: detuned ultrasound in specified ~ Use of pain medication
“Trial arm: N (mean age + SD) head and neck muscle areas ~ Perceived clinical change
TG: 17 (321 £12.0) CG: o treatment ~ Pressure pain treshold
PG: 19(34.7 + 11.1) ~ Quality of life: headache disability
CG:20(33.4 £ 9.0) inventory and headache impact
test-6 HIT-6

RCT, randomized controlled tria ; female; wk, weeks; CTTH, chronic tension type headache; ETTH, episodic tension type headache; FETTH, frequent episodic tension type
headache; MH, migraine; TG, treatment group; CG, control group; PG, placebo group; VAS, visual analog scale; NPY, numeric pain index; HA, headache; wk, weeks; TrPs, trigger
points.

"Results from these groups were not included into quantitative analysis.
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Experimental Control Mean Difference Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI ABCDEF
121 7TTH
Berggreen 2012 (1) 162 118 19 249 145 16 141%  -8.70(-17.57,0.17)
Ferragut-Garcias 2016 (2) 28 8 23 54 10 24 18.1% -26.00[-31.17,-20.83] ——
Ghanbari 2012 (3) 469 249 15 636 114 15 9.5% -16.70(-30.56,-2.84] —
Moraska 2015 (4) 228 3.03 9 29 274 20 20.5% 20 [-8.52, -3.88] -
Moraska 2015 (5) 228 3.03 8 315 28 19 204% -8.70 [-1115,-6.25] ——
Subtotal (95% CI) 74 94 82.7% -12.83[-19.49,-6.17] -
Heterogeneity: Tau? = 45.89; Chi = 48.36, df = 4 (P < 0.00001); I* = 92%
Test for overall effect: Z = 3.78 (P = 0.0002)
122 MH
Ghanbari 2015 (6) 422 116 22 558 82 22 17.3% -13.60(-19.54,-7.66] —_
Lawler 2006 (7) 0 0 23 0 0 21 Not estimable
Subtotal (95% CI) 45 43 173% -13.60 [-19.54, -7.66] -
Heterogeneity: Not applicable
Test for overall effect: Z = 4.49 (P < 0.00001)
Total (95% CI) 119 137 100.0% -12.93 [-18.70, -7.16] -
Heterogeneity: Tau? = 40.88; Chi* = 50.29, df = 5 (P < 0.00001); I* = 90% S0 o o FOREL)
Test for overall effect: Z = 4.39 (P < 0.0001) Favours [experimental] Favours [control]
Test for subgroup differences: Chi? = 0.03, df = 1 (P = 0.87), I = 0%
Eootnotes Risk of bias legend

(1) 10 sessions in 10 weeks; VS wait list
(2) 6 sessions in 4 weeks; Pressure release VS Sham Massage

(3) 5 sessions in 2 weeks; Positional release therapy VS Routine Medication

(4) 12 sessions in 6 weeks; Trigger point release massage VS Wait list

(5) 12 sessions in 6 weeks; Trigger point release massage VS Detuned US

(6) 5 sessions in 2 weeks; Manual treatment + Routine Medication VS Routine Medication
(7) 6 sessions in 6 weeks; Release massage VS Wait List. Original data not avaiable.

(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(©) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

() Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)
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Experimental Control Mean Difference Mean Difference
Study or Subgroup _Mean _SD_Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1317TH
Ghanbari 2012 (1)~ 2.19 2.28 15 502 3.93 15 16.5%  -2.83[-5.13,-0.53] —
Moraska 2015 (2) 265 047 8 3.01 044 19 37.4%  -0.36(-0.74,0.02] :
Moraska 2015 (3) 265 047 9 312 043 20 37.5%  -0.47[-0.83,-0.11)
Subtotal (95% CI) 32 54 914% -0.51[-0.97,-0.04] 4
Heterogeneity: Tau? = 0.08; Chi? = 4.34, df = 2 (P = 0.11); I* = 54%

Test for overall effect: Z = 2.15 (P = 0.03)

132MH
Ghanbari 2015 (4)
Subtotal (95% CI)
Heterogeneity: Not applicable

Test for overall effect: Z = 5.62 (P < 0.00001)

854 3.76 22 19.22 8.09 22  8.6%
22

Total (95% CI) 54 76 100.0%
Heterogeneity: Tau? = 1.02; Chi? = 33.14, df = 3 (P < 0.00001); I* = 91%
Test for overall effect: Z = 2.69 (P = 0.007)

-10.68 [-14.41, -6.95]
22 86% -10.68 [-14.41, -6.95]

-1.69 [-2.93, -0.46]

Test for subgroup differences: Chi? = 28.16, df = 1 (P < 0.00001), I = 96.4%

Footnotes
(1)'5 sessions in 2 weeks; Positional release therapy VS Routine medication
(2) 12 sessions in 6 weeks; Trigger point release massage VS Detuned US
(3) 12 sessions in 6 weeks; Trigger point release massage VS Wait list

(@) 5 sessions in 2 weeks;

lanual treatment + Routine Medication VS Routine Medication

L 4

-10 -5 0

5 10
Favours [experimental] Favours [control]

Risk of bias legend
(A) Random sequence generation (selection bias)

(B) Allocation concealment (selection bias)

(©) Blinding of participants and personnel (performance bias)
(D) Blinding of outcome assessment (detection bias)

(E) Incomplete outcome data (attrition bias)

(F) Selective reporting (reporting bias)
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Baseline 2 measurement
(mean  SD, median

[min-max])
Walking speed (nvs) 0.89 [0.36-1.45]
Stride length (cm) 103 [57-144]
Step width (cm) 144 +47
Stride frequency (stride/s) 093 +0.13
DSM (mm) 54436
XCoM-CoPap (mm) 431 [161-71]
XCoM-CoPy_(mm) 12123
CoM-CoPap_angie () 15146
CoM-CoPytL—angle (°) 109 %23
ABC-score 703 £ 19.0

*Asterisk indicates a significant difference (o

Post measurement
(mean  SD, median

[min-max])

1.13[0.44-1.63)

118 (68-145]
137 £ 5.0
096+ 004
60 + 32
511 £ 170

118 + 26

174+ 5.0
1M4£22
771£193

Follow-up measurement
(mean  SD, median
[min-max])

1.30 (0.34-1.48)
128 [51-144]
180+ 44
097 + 005

57 + 44
525 + 201
627 [158-696]
111 £22
17.7 £60
103+ 1.6
745 20.4

p baseline 2 -
follow-up

0.03"
0.04
0.19
0.07
0.70
0.07

0.12
0.03"
0.23
0.13

0.05) in the paired samples t-test (mean + SD) or Wilcoxon signed-rank test (median fmin-max]).

p post -
follow-up

0.48
0.96
0.43
033
0.65
0.62

0.15
077
0.04*
0.09
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COND GOSN

Is the review question clearly and explicitly stated?

Were the inclusion criteria appropriate for the review question?

Was the search strategy appropriate?

Were the sources and resources used to search for studies adequate?
Were the criteria for appraising studies appropriate?

Wes critical appraisal conducted by two or more reviewers independently?
Were the methods used to combine studies appropriate?

Was the ikeihood of publication bias assessed?

Were recommendations for policy and/or practice supported by the
reported data?

Were the specific directives for new research appropriate?
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Reference Type of review  Disorder  Participants details Study designof the ~ Number of Daterange of ~ Numberof  Number of Total
included studies databases  the database trials included  subjectsin  number of
searched search placeboarms  subjects
Mbizvoetal. (37)  Meta-analysis ~ Complex  Patients with complex regional pain RCT and controlled S(rother  1966-2013 20(18 340 Not reported
regional pain  syndrome | and II studies sources) included in the
Syndrome meta-analysis)
Hauseretal. (38) ~ Meta-analysis  Fibromyalgia ~ Patients with fioromyalgia, both males and  Double-blind RCT 3 upto 2012 18 3,546 6,569
females
oderetal (39 Meta-anaysis  Migraine Acute migraine sufferers RCT and controled trals 1 1991-2002 31 Notreported  Not reported
Macedoetal (40) Meta-analysis  Migraine Migraine sufferers Double-blind RCT 1 1998-2004 22 1,416 4519
included in the
meta-analysis)
Meissner et al. (41) Meta-analysis  Migraine Migraine sufferers RCT 4 upto2012 102 (79 Not reported 9,287
included in the
meta-analysis)
Craggetal (42)  Meta-analysis ~ Neuropathic  Patients with spinal cord injury, stroke or  Placebo-controlled trials 1 Up 102015 39 1,153 Not reported
pain (central)  multple sclerosis
Arakawaetal. (43) Meta-analysis  Neuropathic  Patients with peripheral or central Placebo-controlied trials 3 1995-2014 7 Not reported 6,126
pain neuropathic pain
Cepedaetal. (44) Meta-analysis ~ Neuropathic  Diabetic neuropathy, postherpetic neuraigia, RCT 1(+other  1995-2009 141 Not reported 6,239
pain central neuropathic pain, HV-associated sources)
neuropathic pain
Quessy and Topical review  Neuropathic  Patients with painful diabetic neuropathy o~ RCT Notreported  Not reported 35 3,355 Not reported
Rowbotham (45) pain postherpetic neuralgia
Tuttleetal. (46)  Systematic Neuropathic ~ Patients with various types of neuropathic  Double-biind RCT 3 1980-2013 84 Notreported  Not reported
review pain pain
Madsenetal. (47) ~Meta-analysis  Chronic pain ~ Patients with headache, migraine, 3-armed RCT 5 Upto 2008 13 943 3025

osteoarthitis, low back pain, postoperative
pain, colonoscopy, fibromyalgia or scar pain

RCT, randomized controlled trials.
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Reference Item 1 Item2 Item 3 Item 4 Item 5 Item 6 Item 7 Item 8 Item 9 Item 10
Mbizvo et al. (37) v v v v v v v v v v
Hauser et al. (38) v v v v * x v : v v
Loder et al. (39) v x N B v B v x v x
Macedo et al. (40) v v v x x B v N x x
Meissner et al. (41) v v v v v v v x v v
Cragg et al. (42) v v v N x : v v v v
Arakawa et al. (43) v v v v x : v * v v
Cepeda et al. (44) v v v N x x v N v x
Quessy and Rowbotham (45) x v x x na n\a n\a na v x
Tuttle et al. (46) v v v v x x v v v v
Madsen et l. (47) v v v v v v v x v v
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Reference Disorder  Instruments or outcome  Results. Comments

data
Moo Complex  VAS,NRS (fother scales were  Mean change in 0-100 VAS o NRS at 15-30 min Only mean change at 15-30 min
olal.(7)  Regonal Pain  used, scores were converted)  postireatment: 18,423, 95% Cl [~33.15, ~3.65) postireatment was signiicant. Study
Syckome Mean change in 0-100 VAS or NRS at 1 week. design and invasiveness of the placebo
postireatment: 6,72, 96% C1 [~14.92, 1.38] estment affected placeno jeapones
Mean change i 0-100 VAS or NRS at 3-4 weeks.
postireatment: 0.326, 95% Cl [-2.32, 2.981]
Mean change i 0-100 VAS or NRS at 6 weeks
postireatment: ~3,87, 96% C1 [~9.48, 1.71]
Haser  Fomyaga  0-100r0-100VASOrNAS  Percentage of paients with a 50% reduction of pain Nocebo effect: dropout due to adverss.
etal. (39) intensity in placebo ars: 18.6%, 95% CI[17.4-19.9)vs  events: 10.9%, 9% CI [9.9-11.9}
31.6%, 95% C1 305, 32.7] of paients in actve drugs  Confounders: percentage of women or
ams. Caucasians incuded and study uration
are posiively corrlated with placebo
effect, number of continents s negatively
associated with pacebo effect
Loder Migraine Percentage of pain-free Percentage of pain-free patients at two hous: 6.08%  Migraine prophylaxs: percentage of
etal. (39) patients, fespons rate, (489 pain-free patients: 6.02%; response rate:
acverse events rate Response rate at 2 h: 26.90% (8.5 25.52%; acverse events rate: 19.56%
Adverse events rae at 2 h: 23.4% (£14.05)
Macedo  Migraine Percentage of improved Migraine prophylaxis: percentage of improved patients:  Significant confounders: study design
etal. (40) patients, atacks per month  21%, 95% C1 [13%, 28%] and country

reduction, advers events ale - ttacks per month reduction: ~0.8, 95% C1 (0.4, 1.1]
Adverse events rate: 30%, 95% Ci [17%, 43%)

Meissner  Migraine: Proportion of responders Proportion of placebo responders at 34 months: 0.26,  Subgroup analyss: when al confounders
etal. (41) (directy extracted or calculated  95% Ci 0.22, 0.30] vs responders to active treatments:  are considered, bincing of subjects and
from: number of cayswith 0,42, 95% G [0.38, 0.45] type of placebo treatment i posiively

migraino, numbor of days WM [ygergnce between placebo ireatments: sham surgery: | COTelated with placebo magnitud
headache, or 50% decrease i 0,58, 95% C1 0.37, 0.77]; sham acupuncture: 0.38, 95%

headache acales acoree) C1{0.30, 0.47]; oral placebo: 0.22, 95% C1 0.17, 0.28]
Cragy Neuropatfic  VAS, NRS ‘Overall mean change in pain rating 0-10): ~0.64 95% CI  Meta-regression: weaker placebo effect
etal.(42)  pain (centra) (083, ~0.45] associated with higher chronic pain
duration, baseline pain varlabiiy,cross-
over study design. High heterogeneiy
Adkawa  Newopathic  VAS,NRS Neuropathic pain (ooth central and peripheral: percentage  ATong the results of the multivariable:
etal (@) pan of patients with 50% pain ntensity reduction: 23%, 95%  analyss, baseine pain ntensity was
1 [20%, 25%), percentage of patents with 30% pain  found to be negativey coreated with
intensity reducton: 37%, 95% C1 [34%, 41%) placebo response in postherpetic

neuraigia and in painul diabetic

Perphersl neuropatic pain: percentage of patients wih
gl peripheral neuropathy

50% pain intensiy reduction: 23%, 95% Cl [21, 26),
percentage of patients with 30% pain ntensiy reduction:
39%, 95% CI [34%, 42%]





OPS/images/fneur-09-00287/fneur-09-00287-In_eq017.jpg





OPS/images/fneur-09-00287/fneur-09-00287-t001.jpg
Patients Age Months since stroke STM for affected side Lesion site Stroke type

1 40-45 5 8 R Periventricular Ischemia
2 50-55 15 4 R Temporal lobe, external capsule Ischemia
3 36-40 6 6 L Frontal lobe, centrum semiovale, periventricular Ischemia
4 50-55 10 6 Pons Ischemia
5 46-50 12 8 R Basal ganglia Hemorrhage
6 50-55 8 9 Pons Ischemia
7 55-60 13 7 R Basal gangia Hemorrhage
8 55-60 1" 5 Pons Hemorrhage

R, right hemisphere; L, left hemisphere; STM, Shang tian min functional clinical assessment scale.
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Records identified
through database
searching (July
2014) (n=791)

Records identified

through database

searching (March
2017) (n= 81)

731 records
excluded as
not relevant

61 records
excluded as
not relevant

Full-text articles as-
sessed for eligibility
(n= 60)

Full-text articles as-
sessed for eligibility
(n=20)

52 records
excluded
not meeting the
eligibility criteria

17 records
excluded as
not meeting the
eligibility criteria

Studies included
in qualitative
synthesis (n= 8)
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Workdaymean ~ Weekend mean  Workday median Weekend median  Limit of practical ~ Confidence Interval  Equivalence

(& SD) (£SD) (1QR) (1QR) equivalence p-value
(& LOPE)

DISTyo7 [m]
In-patients 19109+ 12716 15623+ 13129 1722.1(1631.64)  1184.1(1828.9) +750.1 127.8,538.7 0001
VA 625.7+£499.8  728.2: 7407 467.1 (805.9) 467.3 (400.1) +£368.6 -338.9, 1438 0035
Al 16443+ 1170 150111321  15762(11839)  1040.3 (2078.3) +£615.1 —148.3,315.1 <0.001
Al 2264510506 19800+ 15029  1803.3(16123)  1681.3(1763.7) £ 7446 2519, 875.6 0.1
Al 2783713468 16465+ 10954  2742.5(1724.1) 15519 (1550.7) +12775 817.2, 16186 0399
Out-patients 3365.2£26983 21899+ 1367 24629 (1367) 1812.4(621.9) +10023 31.5,772.9 0003
DISTacr [m]
In-patients 1686.4 + 1396 1379 = 12709 1446.8 (1927.7) 1100.2 (1841.7) +661.2 130.6, 464.7 <0.001
VA 625344995 72297406 467.1 (804.9) 466.8 (408.9) +£3686 3389, 143.7 0035
Al 1494.9 + 1268.1 1370.2 £+ 1370.7 1225.8 (1495) 819.8 (2202.4) +537.4 —151.8,264.2 <0.001
Al 1836.8 1427.7 15089+ 13756  1690.6(2562.7)  1160.2 (1466) +£610.2 ~77.6,712.2 0.108
Alll 2565.2 £ 1528.4 1645.7 £ 1094.9 2829.7 (2250) 156561.5 (1546.9) + 1147 700.9, 1458.9 0.38
Out-patients 27387£26052 1871115617 2443 (2565.7) 1727.8 (1946) +£672.2 ~16.6,550.3 0012
VEL [km/h]
In-patients 1.64+043 1.54+048 1.54(0.52) 1.43(0.77) +036 0,019 <0001
VA 162032 1,62+ 046 1.47 (0.43) 1.62 (0.66) +0.41 -0.42,022 0055
Al 1,63+ 047 1.66 +0.48 1.53 (0.51) 1.48(0.78) +£035 ~0.06,025 0004
Al 1.68 + 046 1.67 £055 1.61(0.49) 1.41(0.74) +036 ~0.11,026 0,009
Al 1.7 £037 1.43 £ 041 1.67 (0.54) 1.41(0.58) +036 009,043 0.161
Out-patients 1534064 1.41£051 1.57 (0.81) 1.39.(0.32) +032 ~0.06,0.17 <0001

The lest three columns contein the calculated imits of practicel equivalence (LOPE) used for the equivelence tests, the confidence intervals, and the p-values resuiting from the
equivalence tests. denotes p-values resulting from the Mann-Whitney-Wilcoxon Test of equivalence for non-normally distributed data, the remaining p-values were calculated using the
TOST procedure for normally distributed data.





OPS/images/fneur-09-01039/fneur-09-01039-t001.jpg
Total patients

1st observational study

Very acute (VA)

Acute 1 A)

Acute2 (A l)

Acute 3 (A ll) Total

In

out

Chronic (C)

2nd observational study

In-patient’

Out-patient”

“pooled data set.

3-day

“
10
36
21
17
14

22
81
30

7-day

10
36
24
20
16

19

27

3-day

12(29)
2(20)
1131)
783)
6(35)
429
2(67)
1(0)
5(23)
24.(30)
8(27)

Females

N (%)
177

7-day

12 (29)
2(20)
11(31)
8(33)
735)
4(25)
3(75)
0(0)
5(26)
25 (29)
8(30)

Tetraplegics
N (%)
34(54)
3-day 7-day
26 (63) 27 (64)
7(70) 7(70)
22 61) 23(64)
12 (67) 14(68)
10 (59) 11(55)
10 (71) 11(69)
00 0(0)
3(60) 3(75)
8(36) 8(42)
51(63) 55 (64)
11@87) 1141)

Age [years]

Mean + sd

493 166

3-day 7-day

49.4£19.4 49.54£19.2
430+165 4304165
480 £19.4 48.2+19.0
532+180 521£185
49.1 £198 481 £19.4
50.1+183 488+188
44.0 303 453+£24.9
426£180 408+203
495+115 51£113
491 £185 488+ 184
478£145 48.7£14.9

Detailed numbers are given for al single stages constituting the st observational stucy: 2 weeks after injury (VA), 4 weeks after injury (A ), 3 months after injury (A 1), 6 months after
injury (A ), and 1 year after injury (C). In stage A I, in- as el as out-patients are included. For a combined analysis of all in-patients, data of stages VA, A, A ll, and A Il (parth) were
pooled. Deta of stages A il (partly), stage C, as well as the 2nd observational study were pooled for a combined analysis of all out-patients. “Tetraplegics” are defined by a lesion level

from C1 to Th1.
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TABLE 4 | Continued

Reference  Disorder

Instruments or outcome
data

Results

Comments

Central neuropathic pain: percentage of patients with 50%
pain intensity reduction: 14%, 95% CI [10, 19], percentage
of patients with 30% pain intensity reduction: 26%, 95%

CI[19%, 33%)

Cepeda Neuropathic
etal (44)  pain

Mean decrease in 0-10 pain
intensity, responder rate
(percentage of patients with
50% pain intensity reduction)

Overall: 1.2 (+1.0) mean reduction in pain intensity, RR

17% (range: 0-43%)

Diabetic neuropathy: 1.45, 95% CI [1.35-1.55] mean
RR of 20.2%, 95% CI

reduction in pain intensi
[14.6-25.8)

Postherpetic neuralgia: 1.16, 95% CI [1.03-1.29] mean
reduction in pain intensity, RR of 11.5%, 95% Ol [8.4-14.5]

Central neuropathic pain 0.53, 95% C1 [0.19-0.86] mean
reduction in pain intensity, RR of 7.2%, 95% Ol [2.1-12.3]

HiV-associated neuropathic pain: 1.82, 95% G [1.51~

2.12], RR of 42.8%, 95% CI [34.9-50.7)

Trials evaluating NMDA blockers
showed weaker placebo response, age
was positively correlated with placebo
response

Quessyand Neuropathic  VAS, NRS Median change in pain intensity in PDN: 26% (range “The placebo response was found to vary
Rowbotham  pain 11-35%); in PHN 15-16 (range 4-44%) throughout the time course of trials and
(45) to be influenced by trial duration

Tuttle Neuropathic ~ VAS, NRS Mean change in pain intensity: 18.3%, 95% CI Mulivariable analysis: placebo

etal (46)  pain

15.2%, 21.4%]

magnitude is positively correlated with
‘sample size; in studies performed in the
US the piacebo magnitude s positively
correlated with study duration

Madsen  Various types
otal 47)  of pain

SMD based on WOMAC, VAS
o Likert-type rating scales

Acupuncture vs placebo SMD: =0.17, 95% Cl [-0.26,
-0.08]; placebo vs nontreated controls SMD: -0.42,

95% CI [~0.60, ~0.23)

High heterogeneity

VAS, Visual Analogue Scale; NRS, Numeric Rating Scale; MPQ, McGill Pain Questionnaire; WOMAC, Westem Ontario and McMaster Universities Osteoarthritis Index Pain Score; Cl,
Confidence Interval: SMD, standardized mean difference; RR, responders rate.
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Variables

To
Speed (m/s) 0.68 + 0.1
Cadence (step/min) 85.9 + 164
Stride duration (ms) 14472 + 283.3
Stride length (m) 041 £0.1
Stance (%) 63.0 £ 56
Swing (%) 36956
N strides (10m) 8222

Bold text highlights significant results.

BWSTT group (n = 14)

™

0.78+0.2
90.7 + 14.1
1353.3 £ 210.4
0.59 £ 0.1
62.6 + 5.0
37350
76+18

p-value
Tivs. TO

0.001
0.001
0.001
0.046
0577
0575
0.022

Control group (n = 22)

TO ™
072402 082403
86.0 + 16.4 89.0 + 17.0

1438.0 &+ 1983 1392.0 & 251.0
0.46 £ 0.1 051 £0.1
64.4 £57 612+ 1.1
355+ 5.7 387+ 112

8.1£30 7635

p-value
T1vs.TO

0.001
0.151
0.143
0.130
0.022
0.022
o111
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Variables

UPDRS

FIM

Speed (m/s)

Cadence (step/min)

Stride duration (ms)

Stride length (m)

Stance (%)

Swing (%)

N strides (10m)

ANOVA for repeated measures with two factors: (1) Time (TO vs. T1) and (2) Group (BWSTT vs. Control). Bold text highlights significant results.

BWSTT group (n = 14)

TO T
334115 233+9.1
995 + 12.3 107.0 + 10.4
0.68 +£0.1 078 £0.2
859 + 16.4 90.7 + 14.1

1447.2 + 283.3 1353.3 + 210.4
0.41£0.1 049 0.1
630+56 626+ 5.0
369+56 373+50

82422 76+18

Control group (n = 22)

To

34.4 £ 120

99.6 + 16.2

072+ 0.2

86.0 + 16.4

1438.0 + 198,3

0.48 = 0.1

64.4+56.7

365+56.7

81+£30

1392.0 + 251.0

T Time

26,8 + 106 F=102.857
df (1,34)
p=0001
F= 63222
df (1,34)
p=0.001
F= 11,306
df (1,34)
p=0002
F=6233
df (1,34)
p=0018
F=43741
o (1,34)
p=0.036
F=17.700
df (1,34)
p=0.001
F=1879
df (1,34)
p=0479
F= 1926
df (1,34)
p=0174
F=3364
o (1,34)
p=0065

1101 £ 155

0.82 0.3

89.0 + 17.0

051 +0.1

612+ 111

387+ 112

76+35

Group

F=0467
df (1,34)
p=0499
F=0019
df (1,34)
p=08%2
F=0224
o (1,34)
= 0,639
F=0026
df (1,34)
p=0872
F=0064
df (1,34)
p=0802
F=0544
df (1,34)
p=0.486
F=066
o (1,34)
p=0799
F=0058
df (1,34)
p=0811
F=0078
df (1,34)
p=0781

ANOVA for repeated measures

Time*Group

F=2029
of (1,34)
p=0.163
F=1.720
of (1,34)
p=0198
F=0003

of (1,34)
p=0606
F=0268
of (1,34)
p=0608
F=08617
of (1,34)
p=0.438
F=1.191
of (1,34)
p=0283
F=1.281
of (1,34)
p=0275
F=0.001
df (1,34)
p=0970
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D Age

23 75-80
24 65-70
25 40-45
26 80-85
27 65-70
28 70-75
29 70-75
30 75-80
31 60-65
32 75-80
33 75-80
34 70-75
35 85-95
36 70-80

Disease
duration
(vears)

Freezing Disease
onset

<zzzz<zzZ<2Z2<ZZ

O FFPOVOWIDL §

Therapy H&Y UPDRS

L-E-DA
L-DA
L-E
L-DA
L-E-DA
L-E-DA
L-E-DA

L-E-DA
k

L
L-E-DA
L-DA
LE

L O A N O N O S SN

TO

23
46
21
28
35
52
a1
18
33
24
36
21
37
53

Le, left; R, right; B, bilateral: L, levodopa; DA, dopaminoagonist; E, entacapone.

T

14
32
13
21
22
28
31
17

21
28

18
43

FIM

To

104
125
109
100
100
98

108
104
91

85

100
102
103
70

T

106
11
121
11
11
103
19
108
1056
94

102
113
114
80

Speed
(mis)

T T
092 1.00
076 097
075  0.86
080 0.5
056 073
106 090
036 052
057 048
090 1.18
063 0.67
053 054
055 1.03
069 0.63
053 055

Cadence

(step/min)
TO T
881 962
785 969
718 821
77.7 946
79 717

1054 107.3
57.3 774
81.7 719

106.9 113.6
826 884
79 733
863 98.4
87.8 86.0

117.3 1131

Stride
duration (ms)

TO

1466.0
1628.5
1675.7
1548.8
1543.5
1144.0
21043
1470.3
11225
1462.3
1668.5
1129.8
1368.5
1023.7

™

1348.8
12385
14615
1275.0
1549.8
11243
1569.0
1672.3
1056.8
1350.3
1638.5
1221.0
1397.0
1083.3

Stride
length (m)

T T

051 058
054 056
048 058
053 050
040 052
048 047
035 038
039 048
047 058
043 043
041 041
029 058
044 041
025 052

Stance (%)

TO

60.5
60.2
54.4
707
59.3
59.7
701
69.2
64.6
69.6
539
60.3
64.6
66.8

T

60.6
58.7
540
67.2
80.4
61.4
59.7
723
59.0
67.4
84.4
89.7
65.9
68.2

Swing (%)

TO

395
39.8
458
203
407
403
29.9
30.8
35.4
303
46.1
39.7
354
332

T

39.4
a3
46.0
32.8
39.6
38.6
40.3
21.7
41.0
32.6
35.6
40.3
34.1
31.8

N° strides
(10m)

T T
60 60
65 60
60 60
60 70
90 65
60 75

100 90
90 95
75 60
80 80
85 85

120 60
80 85

140 130
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D Age

1 7075
2 7075
3 55-60
4 70-75
5 55-60
6 6570
7 70-75
8 60-65
9 6570
10 80-85
11 75-80
12 70-75
13 70-75
14 75-80
15 80-85
16 70-75
17 75-80
18 75-80
19 70-75
20 55-60
21 80-85
22 80-85

Le, left; R, right; B, bilateral, L, levodopa; DA, dopaminoagonist; E, entacapone.

Disease Freezing Disease Therapy H&Y UPDRS

duration
(vears)

10
9
13
3
20
8
9

z<xzz<z<z<zzzZzZ<Z2<<zZ<2Z<<

onset

5

L-E-DA
L-DA
L-E-DA
L

L&
L-E-DA
L-DA
L-E-DA
L-E-DA
k.

L-DA
L-DA
L-E-DA
L-E-DA
ks
L-E-DA
L-E-DA
LE
L-E-DA
L-E-DA
L

L-DA

TVFIIPO®DORE DG B IODE D g

R e A R R R )

TO

28
40
39
44
11
50
57
38
50
33
7
28
38
36
29
15
28
40
22
33
15
34

28
29
27
41

43
44
29
43
24
44
23
29
32
20
10
22
21
18
30

26

FIM

TO

110
89
90

108
92
44
105

96

105
105
109
112
121
128
100

96
105
109

T

110
95
104

126
107
55

11
107
114
56

119
i
17
121
129
128
123
109
105
113
116

Speed (m/s)
T T
087 132
090 079
096  1.22
082 060
100 1.00
043 049
028 050
077 096
043 050
058 048
035 053
116 125
075 1.07
082 082
088 117
083 095
033 031
088 082
077 115
087 088
050 050
066 0.71

Cadence
(step/min)
L
69.6 1055
772 805
813 780
915 774
886 97.2
870 836
653 746
798 867
1108 1102
708 753
751 796
1158 134.7
759 940
819 883
808 1020
985 946
842 862
859 788
@2 957
850 97.8
996 709
8.1 758

Stride
duration (ms)

To

1623.2
1587.2
1644.2
1811.0
1354.0
1500.0
1838.7
1661.9
1500.0
1699.0
1599.0
1036.8
1598.5
14675
1300.5
1219.0
1468.7
14015
1304.8
1226.3
1109.5
1452.5

™

1137.0
1389.2
1538.0
1561.0
1377.0
1485.7
1608.3
1384.6
1436.7
1694.5
1508.0

891.3
1314.0
1350.3
1178.8
1269.5
1392.3
1623.0
1256.3
1240.5
1695.5
1485.5

Stride
length (m)
T T

070 070

059 068

066 077

050 0.44

062 070

030 033

024 038

056 062

030 033

046 035

026 037

056 052

056 064

056 052

061 064

047 056

023 020

043 058

044 067

048 051

028 039

048 052

Stance (%)
T T
67.7 620
666 664
67.4 683
765 688
655 630
726 718
711 690
584 479
625 619
627 678
610 637
646 632
604 483
682 698
650 648
675 635
696 627
553 585
571 642
616 273
654 682
635 618

Swing (%)

323
334
326
235
346
274
289
415
a7s
373
39.0
354
396
318
35.0
325
304
44.7
429
384
346
365

T

38.0
336
31.7
31.2
37.0
281
31.0
535
38.1
322
36.3
36.8
51.8
303
35.2
365
37.3
a5
35.8
727
31.8
38.2

N° strides
(10m)
T 0T
50 50
40 40
40 40
70 80
40 40
15 107
145 90
60 55
120 105
80 100
135 95
60 65
65 55
60 65
60 55
75 60
163 190
60 60
75 50
75 70
125 90
75 68
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Demographic and BWSTTgroup  Control group  p-value
clinical (n=14) (=22
characteristics

Age (years) 719+ 102 717 £75 0.958
Disease duration (years) 11.4x114 10.18 £ 4.8 0.652
HaY stage 23+06 21404 0.479
UPDRS Il score 334+ 116 34.4%120 0810
FIM score 99.6+ 12.3 996+ 16.2 0.996
Sex M 6(42.9%) 12 (54.5%) 0733
3 8(57.1%) 10 (45.5%)
Disease onset Right 2(14.3%) 10 (45.5%) 0.107
Left 6 (42.9%) 8(36.4%)
Bilateral 6 (42.9%) 4(18.2%)

Patients with freezing (%) 4 (28.6%) 10 (45.5%) 0.485
Therapy L 3(21.4%) 4(18.2%) 0.950
LDA 3(21.4%) 52.7%)

LE 2(14.3%) 2(9.1%)

L-EDA 6(42.9%) 11(50.0%)

L, levodopa; DA, dopaminoagonist; E, entacapone.
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Outcome measures

PRIMARY OUTCOME:
General cognitive assessment

* Montreal cognitive assessment (MoCA) (26)

Memory

* The Digit span and the Corsi span tasks (backward and forward) (29)
+ Free and Cued Selective Reminding Test (FCSRT) (30)

* Recall of rey’s figure (31)

Attention and executive functions

+ The modified card sorting Test, short version (MCST) (32)

+ The Trial Making Test (TMT) (33)

* Stroop test, short version (34)

Visuospatial/constructional ability

+ Copy of rey’s figure (31)

Language

+ Semantic fluency (35)

* Fonemic fluency (36)

SECONDARY OUTCOMES:

Activities of daily living inventory

+ The Activities of Daily Living Inventory (ADCS-ADL) (37)

Depression symptoms

« The center for Epidemiological Studies Depression scale (CES-D) (38)
Health status

+ The 36-Item Short Form Survey (SF-36) (39)

Cognitive reserve

« The cogriive Reserve Index questionnaire (CRIq) (40)

Physical activity level

« The short Physcal performance battery (SPPB) (41)

« The Harvard Alumni Activity Survey (HAAS) (42)

o The International Physical Activity Questionnaire (IPAQ) (43)

T0 T1
4 4
4
v
4 v
v
v
v v
v v
4 v
v 4
4 v
4 v
v
v
4 v
4
v
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MCI due to AD vel

« Hachinski ischemic score <4  Hachinski ischemic score >4
* Exclusion of other dementia-causes  # Fazekas score 22

with cerebral TC or MRI MR or TG evidence of (one or more):
o Fazekas score <2 Multiple ~ white  matter ~ lesions
« Biomarkers of neuronalinjury (Rate of  compatible  with  small  vessel

brain and hippocampal atrophy, disease

FDG-PET imaging or CSF Lacunar state

tau/phosphorylated-tau) One or more ischemic lesions in
OR strategic areas
« Biomarker of p amyloid deposition (CSF

Ab42 ore PET amyloid imaging)

compatible with MCI due to AD
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Treatment Subtype Evidence

Exercise and motor Moderate

rehabilitation

Cognitive intervention S Moderate
cr Small
0S+CT Small
osT Moderate

Occupational therapy Small

Psychological therapy Small

Multicomponent/ Small

multicimensional

strategies

Aromatherapy Very small

Music therapy Small

Art therapy Very small

Massage and touch Very small

Main positive outcomes

* Reduction of BPSD
« Improvement of ADL

« Improvement of general cognitive function

« Smalleffect on mood and QoL of patients and
caregivers

« Enhancement of performance in trained and
similar tasks

« Improvement of general cognitive function

« Improvements of general cognitive function and
specific cogritive domains

+ Smalleffect on QoL

« Improvement of caregiving relationship

* Smalleffect on depressive symptoms and Qo of
caregivers

« Improvement of ADL, social participation, QoL

« Reduction of BPSD and depression

* Reduotion of caregiver burden

« Reduction of depression, anxiety, and apathy
« Enhancement of patient’s well-being

« Reduotion of BPSD
« Improvement of some cognifive domains

* Delayed institutionalization

* Reduotion of caregiver burden

* Reduotion of BPSD and sleep disturbances

* Improvements in motivational behavior

* Reduction of depression

* Improvement in communication, social
participation, relations and cogrition

Reduction of BPSD

Improvement of attention

Improvement of social behavior and self-esteem
Redution of BPSD

Improvement of mood, sleep, appetite

Limitations

* Limited evidence for cognition, QoL depression,
mortality, caregiver burden

* Few comparative studies exploring the most
effective exercise intervention

« Unclear duration and intensity of actity

« Unclear long:-term effect on cognition

« Heterogeneity of the outcomes

* No generalization effect to daily function
* Low quality studies

« Heterogeneity of treatment

* Heterogeneity of dementia severity

* Few high quality RCTs

* Not all services offer this treatment

* Unclear effect on BPSD and ADL

 Unclear optimal duration

© Unclear long-term effect

* Mixed approaches

* Few high quality RCTs

* No comparative studies between ~different
psychological treatments

* No long-term studies

« Few high quality RCTs

* Persistence of effect

* Generalization to everyday life

* Limited implementation and dissemination

* Few high quality RCTs

* Severe methodological issues

 Few high quality RCTs

* Unclear long-term effect

« Small sample size

* Low-qualty studies

© Unclear long-term effect

No RCTs

Small sample size
Low-quality studies

ADL, activites of daily lving; BPSD, behavioral and psychological symptoms of dementia; CS, cognitive stimulation; CST, Cognitive Stimuletion Therapy; QoL, qualiy of life; RCT,

randomized controlled trial: CT, cognitive stimulation.
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Groups

Experiment Behavioral assessment

BDA tracing
(followed by behavioral assessment )

Immunohistochemistry

Immunoblotting

Total

C57BL/6

20

26

scl

Snx27+/+ Snx27+/~

12 12
19 19
1 1
42 42

Sham

Snx27+/+ Snx27+/=

12 12
0 [
0 [
12 12

Total

48

a4
42

134
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