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Traumatic brain injury (TBI) and cerebrovascular accidents (CVA) are two of the leading causes of disability in the United States. Robotic exoskeletons (RE) have been approved for rehabilitation by the Federal Drug Administration (FDA) for use after a CVA, and recently received approval for use in patients with TBI. The aim of the study was to determine which factors predict the improvement in functional independence measure (FIM) score after using RE rehabilitation in a population of patients with CVA or TBI. We carried out a retrospective chart-review analysis of the use of the RE (Ekso® GT) in the rehabilitation of patients with TBI and CVA using data from a single, private rehabilitation hospital for patients admitted and discharged between 01/01/2017 and 04/30/2020. From the medical records, we collected presentation date, Glasgow Coma Scale score (GCS) on the date of injury, rehabilitation start date, age, diabetes status on presentation (Yes or No), injury category (TBI or CVA), and both admission and discharge FIM scores. Matching algorithms resulted in one TBI patient matched to three CVA patients resulting in a sample size of 36. The diabetic and non-diabetic populations showed significant differences between age and days from injury to the start of rehabilitation. A multivariate linear regression assessed predictors for discharge motor FIM and found admission motor FIM score and total RE steps to be statistically significant predictors. For each point scored higher on the admission motor FIM the discharge FIM was increased by 1.19 FIM points, and for each 1,000 steps taken in the RE, the discharge motor FIM increased by three points. The type of acquired brain injury (CVA or TBI) was not found to affect functional outcome. The presented results show that key clinic-biologic factors including diabetic status, together with start to rehabilitation play key roles in discharge FIM scores for patients using RE.

Clinical Trial Registration: ClinicalTrials.gov, NCT04465019
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INTRODUCTION

The use of robotics in rehabilitation medicine has become more popular due to the advantages it offers to the patients and the providers. Wearable robotic exoskeletons (REs) are approved by the Federal Drug Administration (FDA) for rehabilitation following spinal cord injury, CVA (cerebrovascular accident or stroke), and most recently acquired brain injury, inclusive of Traumatic Brain Injury (TBI, Globe Newswire, 2020). In addition, the RE can assist in repetitive task completion in increased doses (e.g., more steps per training). However, patients must meet strict requirements for RE use to ensure their safety (Palermo et al., 2017). All available REs currently in the market have weight and height requirements. Similarly, bone mineral density is a metric for eligibility to reduce fracture risk while using the device (Asselin et al., 2016). Provider recommendations and patient preferences also affect the decision to incorporate a RE in a patient rehabilitation program. While some studies in patients with spinal cord injury and CVA demonstrate benefits from the use of REs, additional evidence for disorders that cause gait and mobility problems such as traumatic brain injury (TBI) are still necessary (Hesse and Werner, 2009; Dijkers et al., 2019). Hence small studies with limited power, as presented herein, are a step forward in evidence toward generating future hypotheses and advancing the field.

The beneficial use of RE following a CVA has been established in the field. The first studies that examined the acceptance of robotics in patients after CVA started in the nineties (Dijkers et al., 1991). Consensus suggests that robotic-assisted gait training in patients after suffering a CVA is more likely to recover independent walking than those who did not use the robotic devices (Mehrholz et al., 2017; Bruni et al., 2018; Nolan et al., 2020). Studies also suggest that the use of robotics in rehabilitation could result in motor skills improvement and transfer into other daily living domains that require similar activities (Fasoli and Adans-Dester, 2019), hence improving cognitive domains. The time from CVA occurrence to the initiation of rehabilitation is critical for determining the patient's functional recovery degree. Multiple studies suggest that early initiation of rehabilitation results in improved long-term outcomes since most of the patient's recovery after a CVA occurs during the initial first 6 months (Kwakkel et al., 2004; Langhorne et al., 2011). Of importance in our patient population is the over indexing in Type 2 diabetes. Prior studies have identified diabetes as a predictive factor for patients' functional progress after a CVA, independent from other comorbidities including cardiovascular disease (Tziomalos, 2014; Wang et al., 2014). Moreover, patients with type 2 diabetes have twice the risk of suffering from an ischemic CVA than non-diabetics (Sarwar N, 2010) rendering diabetes an important variable in CVA rehabilitation.

Motor and ambulation deficits, which may resemble those presented in CVA, are frequently observed in patients with severe to moderate TBI (Williams et al., 2015). According to the Centers for Disease Control, ~3.2–5.3 million people are living with a TBI-related disability in the United States (Centers for Disease Control Prevention, 2019), constituting one of the leading causes of disability across the nation. TBIs are most frequently observed after motor vehicle accidents and falls (Centers for Disease Control and Prevention, 2015; National Spinal Cord Injury Statistical Center, 2019). Mortality due to TBI has significantly decreased in the United States (from 2006 to 2014, Centers for Disease Control and Prevention, 2015) suggestive of the positive impact from rehabilitation services. Similar to CVA, early rehabilitation intervention following TBI has been shown to produce improvements in post-TBI symptomathology (Parrington et al., 2020). Unfortunately, the data on the use of RE on patients with TBI is limited due to its later approval by the FDA for this condition, as compared to CVA. A recent case report of a young adult who suffered TBI, which resulted in right-side hemiplegia, revealed that RE's use during a 4-week inpatient program significantly improved motor functional independence measure (FIM) score from admission to discharge (Nolan et al., 2018). Moreover, using the RE in a patient with TBI showed increased brain cortical activity at the prefrontal, premotor, and motor cortices at follow up compared to no-RE walking (Karunakaran et al., 2020), suggesting that robotic-assisted gait may produce different cortical brain mechanisms activation.

The United States' Rio Grande Valley, along the Texas-Mexico border, is comprised of ~90% Hispanic ethnicity and 90% Mexican descent. This region is characterized by socioeconomic factors that have been demonstrated to affect clinical outcomes. Such factors include non-insured and underinsured status, a tremendous shortage in primary care providers (medically underserved), and over 30% of the population living in poverty (UT Health–School of Public Health Brownsville, 2018). Thirty percent of the Rio Grande Valley residents have diabetes, compared to 12.3% nationwide (Millard et al., 2017), rendering this region a unique site to study the impact of this over prevalent disease on CVA and TBI rehabilitation outcomes.

Inspired by the unique characteristics of our patient population, this study's main goal was to determine which factors predict the improvement in functional independence measure (FIM) score after using RE rehabilitation in a population of patients with CVA or TBI, with the goal of producing preliminary data that could inform future implementation and design of larger clinical trials. Within the model, we included Type 2 diabetes as a variable and other previously reported predictive factors for functional improvement in rehabilitation after CVA (Wang et al., 2014). The model was based on the rationale that TBI and CVA are both acquired brain injuries that produce related neurofunctional impairments (Giles, 2010; Capizzi et al., 2020), both of which could benefit from RE rehabilitation training. The rationale for comparing TBI and CVA is based on a previous study showing very similar linear improvements in motor functioning during conventional rehabilitation (Bode and Heinemann, 2002). Therefore, determining if RE rehabilitation modifies the functional progression in TBI as compared to CVA has the potential of increasing its use for TBI and expand the research done in this area.



MATERIALS AND METHODS


Study Design and Setting

This is an observational, retrospective, chart review cohort study of patients from a private single rehabilitation hospital. Study approval was granted by the local Institutional Review Board and conformed to the Declaration of Helsinki and the US Federal Policy for the Protection of Human Subjects. Due to the retrospective nature of the study, a full waiver of authorization under the Health Insurance Portability and Accountability Act (1996) was submitted by the study team and approved by the Institutional Review Board.



Participants

Patients who sustained either a TBI or a CVA and used a RE device during their rehabilitation treatment from 01/01/2017 to 04/30/2020 were included in this study. Patients were excluded if their injury was not diagnosed as a CVA or TBI in their electronic medical record. The registered nurse at the rehabilitation facility identified patients based on the inclusion criteria, and this was verified by the doctor in physical therapy who oversees the rehabilitation hospital patient population. Approval and implementation of the RE device at the health system commenced in 2016 for patients that suffered a CVA or TBI. The main requirements for the use of the RE device during rehabilitation included a height range between 1.56 and 1.9 m, weight less than or equal to 100 kg, stable blood pressure (minimal postural changes in blood pressure), the ability to follow basic commands, and normal range of motion in hips, knees, and ankles.



Variables

For each patient, electronic medical records were reviewed for injury date, Glasgow Coma Scale score (GCS) on presentation, rehabilitation start date, age, diabetes status on presentation (Yes or No), injury category (TBI or CVA), and both admission and discharge functional independence measure (FIM). The change in motor FIM score from admission to discharge was used as the primary outcome for this study. The FIM score evaluates the ability of the patient in day-to-day functions within five major categories: self-care, sphincter control, transfers, locomotion, communication and social cognition (Linacre et al., 1994). The FIM motor component groups 13 of the tasks as follows: self-care (eating, grooming, bathing, dressing—upper body, dressing—lower body, toileting), sphincter control (bladder management, bowel management), transfers from bed/chair/wheelchair, toilet, tub/shower, and locomotion (walk, stairs). Ethnicity was self-reported but not considered as a covariate since the vast majority of our cohort was of Hispanic origin. The overrepresentation of Hispanics/Latinos in the current cohort responds to the demographic distribution of the area the health system serves.



Matched Participants

Due to the limited number of TBI cases in the cohort, we decided to use a matching design to control for differences in covariates like age and gender of the patients in our study. The CVA patients were matched to the nine TBI patients algorithmically. A custom R program iteratively calculated the Euclidean distance between TBI and CVA independent variables, then matched patients based on minimum values (R Core Team, 2020). Each TBI patient matched to a CVA patient before starting another iteration of the algorithm (see Figure 1). Power analysis revealed an optimal configuration at three CVA patients matched to each TBI patient. Equalizing the number of matches between TBI patients (each TBI patient matched to three CVA patients) helps reduce algorithmic bias by not over-representing any of the TBI patient's features in the dataset. Matching criteria were days between symptom onset and rehab start, GCS, gender, diabetes status, and age. Patients were not matched on any post-admission variables. Distance was calculated and then ranked for each CVA-TBI patient pair. Ties in ranking were assigned randomly.


[image: Figure 1]
FIGURE 1. Diagram of the method used for comparing patients in the CVA and TBI groups with the final number of subjects included in each group.




Data Sources/Measurements

All information presented in this study was part of the patient's standard of care. No additional intervention or data collection instrument was implemented. The standard of care of the patient was as follows: all potentially eligible candidates were first identified by a registered nurse and then cleared by the physician with subsequent patient education regarding the use of the RE. For the use of the RE during the rehabilitation process, signed informed consent was obtained from either the patient or designated family member, depending on the status of the patient. Data obtained during the active use of the RE was monitored by an in-device screen (time active, steps taken, etc.) and subsequently recorded in each patient's paper chart. This paper was then scanned and uploaded into the patient's electronic chart under his/her progress notes. The therapy technicians helped in the data recording process. All available data related to RE use for CVA and TBI at our facility within the period of investigation were included in the current study. All patients were also receiving conventional physical therapy during their rehabilitation process, as recommended by the physician and the established standard of care practices at the institution.



Reduction of Bias

To minimize selection bias in the current study, we used all patients that were clinically determined by the attending physician to meet the criteria for RE rehabilitation. Patients were included in the chart review regardless of the number of sessions of exoskeleton use. All therapist and nurses at our facility have been certified to use the FIM assessment tool and the data is entered using the Uniform Data System for Medical Rehabilitation software (Uniform Data system for Medical Rehabilitation, 2020) integrated within the hospital medical record platform. The main data extractor in the study (A.M.) is the site expert for data management within the Uniform Data System. Quality of the data was verified by the lead doctor in Physical Therapy (M.E.A.). None of the patients that used RE in rehabilitation had missing data during the time period used for the current study and all patients in the cohort completed the recommended therapeutic program and were successfully discharged from the hospital.



Exoskeleton Use Protocol

The RE was operated by a Licensed Physical Therapist who was certified to control the device. The rehabilitation facility used the Ekso GT® robotic exoskeleton (Ekso Bionics, Richmond, CA), which is only approved to be used in a clinical setting. For the purposes of this study, four different modes were utilized to engage and challenge the patients: Pre-Gait, First Step, Pro Step Plus, and 2 Free. Pre-Gait Mode focused on the following metrics to facilitate movement and active participation: bilateral weight shifting in standing with biofeedback, mini squats, and stationary unilateral lower extremity advancement. The First Step mode allowed the therapist to be in full control of all movement. The therapist triggered the initiation and execution of each step reciprocally with the push of a button. In the Pro Step Plus mode, there was an appropriate weight shift either done independently by the patient or facilitated by the therapeutic handling of the physical therapist. The patient was given the opportunity to initiate each step; the device completed any incomplete steps. The most advanced mode is called “2-Free.” This mode was used to challenge the patient across the continuum as they progress. The patient was responsible for initiating and executing each step. The therapist programmed resistance unilaterally or bilaterally to the lower extremities to increase the demand for the activity.



Statistical Methods

Data analysis was preformed using R version 4.3 (R Core Team, 2020). Data were summarized using summary statistics and frequency tables. Inspection of scatterplots revealed linear relationships between independent and dependent variables. Zero-order Pearson correlation coefficients were examined and subsequently tested for significance. Diabetic status and acquired brain injury were coded as categorical dummy variables (absence or presence of diabetes status; having either CVA or TBI). Backward, stepwise, multivariate linear regression was used to evaluate the associations of each of the outcome variables with age, sex, days between injury onset and rehabilitation start, and the injury groups (CVA and TBI). T-tests assessed significance of the predictors within the regression. Second order variables with p-values >0.05 were excluded from the model, and first order variables were excluded from the model if they had no significant second order terms, and had a p-value >0.05. Explanatory variables were tested for multicollinearity using the variance inflation factor (VIF) and removed for VIF > 10. Residuals plotted against fitted values as well as theoretical quantiles showed approximately normally distributed residuals. F-tests validated the fit of the regression models, and R∧2 measured the predictive power.

To account for the effect of the interaction term present in the admission FIM regression model, partial derivatives (also referred to as average marginal effects; Leeper, 2018) with respect to each prediction term were calculated using the margins package in R while controlling for diabetic status. The average marginal effect represents the mean of partial derivatives calculated across different sample values provided to the regression model. To parse out any potential crossover effects with the diabetic status variable, we calculated the marginal effects for diabetic and non-diabetic patients.




RESULTS

The matching algorithm yielded a final sample size of 36 patients. Demographic characteristics and clinical measures for the patients are summarized by injury type (TBI vs. CVA) in Table 1, and diabetic status in Table 2. The TBI and CVA patients showed no significant differences in demographic and clinical measures. Specifically the admission motor FIM scores and the change in motor FIM were similar for patients with a CVA and TBI (Figure 2A). The diabetic population was found to be significantly older than the non-diabetic population (65.06 vs. 49.17; p = 0.01). However, the admission and motor FIM scores were similar between diabetic and non-diabetic status (Figure 2B). The diabetic population took significantly fewer days from injury to the start of rehabilitation (15.06 vs. 36.5; p = 0.03). Significant zero-order Pearson correlations were identified for seven pairs of metrics: admission motor FIM score, motor FIM change, diabetic status, sex (male), patient age, days to start rehabilitation, type of injury (TBI), GCS and total number of steps taken (See Table 3).


Table 1. Patient cohort characteristics subdivided by injury type.
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Table 2. Patient cohort characteristics subdivided by diabetes status.
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FIGURE 2. Comparisons of motor FIM values. (A) Patients in the CVA group had similar admission and change in motor FIM compared to patients in the TBI group. (B) Diabetic status alone, did not influence the admission or the change in motor FIM score. However, diabetic status interacts with the time to start rehabilitation influencing motor FIM (see Table 3).



Table 3. Pearson correlations for various metrics and parameters considered to affect rehabilitation outcome.
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The multivariate linear regression assessed predictors for discharge motor FIM and found admission motor FIM score and total robotic steps to be statistically significant predictors. For each point scored higher on the admission motor FIM, the discharge FIM was found to increase by 1.19 (p < 0.001; 95% CI 0.89–1.49). For every 1,000 steps taken in the RE, a three-point increase in discharge motor FIM was found (p < 0.04; 95% CI 0.18–6.6). Our regression modeled 65% of the variance (adj R2 = 0.62) and was found to be statistically significant [F(2,33) = 33.41; p < 0.001].

A second multivariate linear regression modeled predictors for admission motor FIM score. The days from injury to the start of rehabilitation, diabetic status, as well as the interaction term for these variables were found to be statistically significant [F(3,32) = 4.17; p = 0.008]. After computing the partial derivatives and controlling for diabetic status, we found waiting an additional day to start rehabilitation within the diabetic cohort correlated with a −0.71 point drop in admission motor FIM score (p = 0.001; 95% CI −1.14–0.29). We found no significant correlation for diabetic status, nor days to start rehabilitation within the non-diabetic cohort. Our findings suggest that waiting 10 days to start rehabilitation as a diabetic patient, even when using a RE in the rehabilitation process, will correlate with a 7.1 point drop in admission FIM score.



DISCUSSION

We present a comparative analysis amongst patients with a history of CVA and TBI, showing similar post RE rehabilitation outcomes regardless of the injury type. Both CVA and TBI are non-progressive central nervous system condition that have very similar impairments (DiRocco, 1995). Because of the similarity in impairment between CVA and TBI, the use of RE for TBI patients was conceivable. While it is recognized that additional controlled clinical trials are needed for exoskeleton rehabilitation in TBI, this preliminary study illustrates similar, positive outcomes in functionality to those patients treated with the exoskeleton which had a CVA. To our knowledge, this is the first study reporting diabetic status, time to rehabilitation and steps taken in the exoskeleton as predictive factors of functional outcomes in a cohort of Hispanic patients. This study is one of the first showing that the type of acquired brain injury is not a determinant of motor functional outcome after RE use.

Patients within the TBI group were significantly younger than patients in the CVA group. There are several possible explanations for this observation. First, more than 80% of all CVA incidences across the nation occur in people 65 years and older (Blackwell and Villarroel, 2018), in comparison to TBI for which two of the high risk groups are young children (age 0 to 4) and older adolescents (age 15–19; Centers for Disease Control and Prevention, 2015). Second, the use of RE required specific physical (e.g., height and weight) characteristics as well as physiological (e.g., bone density) to prevent injuries. It is well-documented that older patients (>50 years of age) are at higher risk of osteoporosis (Lane, 2006), which is one of the main contraindications for the use of the exoskeleton, excluding them as potential users. Patient-preference is held at the highest priority when identifying eligible users. Anecdotal evidence from our hospital suggests that older patients are less likely to prefer RE rehabilitation, while younger patients are more eager to engage in the use of bionics and robotics, which could partially explain the age difference in our study cohort. Additional studies are needed to explore the generational gap in rehabilitation preferences, especially for the use of robotic devices.

Patients who suffer TBI, even when mild, could end up having impairments up to 1 year post injury (Nelson et al., 2019). Cognitive impairments after TBI could have even a longer sequelae, lasting up to 4 years, as previously reported (Theadom et al., 2019). The sequelae post-TBI that affects cognitive function is known as post-concussive syndrome (Permenter et al., 2020). To minimize its impact in patient's quality of life, rehabilitation approaches that promote neuroplastic changes in the brain, such as those produced by exoskeleton training, could result in an overall increase in functional domains for the patient after a TBI or CVA (Berger et al., 2019). While the overall improvement in cognitive FIM scores in the current cohort of patients was small, a 1 point increase in FIM scores corresponds to an increase of 1.08 more likely to be discharged to the home rather than to institutionalized care (Thorpe et al., 2018); hence decreasing healthcare cost on the long-term.

The use of robotic interventions in patients with TBI was approved by the FDA at a later time point than for CVA. This delay had in part contributed to a reduced number of studies using RE for TBI. A systematic review from 2011 reported 10 randomized controlled trials for the use of robotic devices in CVA rehabilitation, but none for TBI (Tomida et al., 2019). However, recent reports indicate increased use of robotic rehabilitation following TBI; for example, to quantify the degree of impairment (Logan et al., 2018), improve cognitive function (Maggio et al., 2020), to support treadmill training (Esquenazi et al., 2013), to measure brain activity while having robotic gait training (Lapitskaya et al., 2011), and to increase gait velocity (Esquenazi et al., 2017). While the outcomes of these studies are mixed due to the differences in patient population, training techniques used, and type of equipment, it is promising that the field is recognizing how robotics present with a novel opportunity to improve quality of life in patients with TBI.

A recent study exploring the longitudinal effects of TBI revealed that higher total health burden was associated with poorer functional motor and cognitive trajectories (Kumar et al., 2020). To decrease the negative impact that TBI might have, it is hypothesized the continuous use of RE as a rehabilitation device in our hospital will significantly continue to improve functional outcomes. Since the intervention with RE revealed similar outcomes to the CVA patient cohort, even with small sample size, it is foreseen that many more patients eligible to use exoskeleton rehabilitation devices will greatly benefit from this therapeutic modality.

Diabetes is a modifiable factor strongly associated with CVA of both the ischemic and hemorrhagic type (O'Donnell et al., 2010; Lee et al., 2012). Unfortunately, the risk for CVA in diabetic patients is higher in the younger population, specifically before the age of 55 years (Khoury et al., 2013). In addition, people with diabetes also tend to suffer from other comorbidities such as hypertension and high cholesterol. A previous review on the topic suggested that stroke outcomes in individuals with diabetes depend on a prompt and persistent implementation of therapies, for the successful recovery of the individual (Chen et al., 2017). When it comes to TBI, diabetes is a well-known complication of patients in the intensive care units, and is predictive of increased mortality and poorer outcomes (Gempeler et al., 2020). Additionally, detrimental effects of pre-existing diabetes have been reported in TBI using an animal model, showing increased brain contusion volume and higher inflammatory markers (Tatara et al., 2020). In light of these previous findings, we propose that including RE rehabilitation for patients who suffer either TBI or CVA in a prompt fashion, could provide increased benefits when done in parallel with strict glucose control measures.


Study Limitations

The literature on the use of RE devices for TBI resoundingly contains the limitation of sample size (Dijkers et al., 2019), resulting limited study power. We recognize that the current study has this inherent limitation of sample size, but even small studies with a less than perfect experimental design will help other researchers and clinicians in the field to make informed decisions. The limitation in the selection of a statistically significant sample size corresponds to the fact that patients need to meet a specific set of criteria to be eligible for rehabilitation with exoskeleton devices, as outlined in the methods section. It is also important to recognize that our study is based on a retrospective sample of patients, most of which were of Hispanic origin; thus, generalization to other ethnic groups might be limited. While individual comorbidities may not directly affect outcomes observed in the use of exoskeleton, chronic conditions such as pressure sores, spinal instability, deep vein thrombosis, uncontrolled hypertension, among others (Palermo et al., 2017) are direct contraindications for the use of the device; hence limiting the pool of patients that can be included in the research studies. Well-controlled randomized trials on exoskeleton rehabilitation are emerging as per published protocols (Louie et al., 2020). We recognize that the follow up of the patients beyond their discharge from the rehabilitation hospital was not done. However, our goal was to observe the short-term effects of the RE in the FIMS of patients since many other factors could influence the long-term outcomes of patients once discharge (care at home, other comorbidities, etc.). Future prospective studies should design for collection of long term (6 months−1 year) outcomes after RE.



Conclusions

Physical therapists are more frequently employing robotic technology to enhance traditional rehabilitation therapy methods. The use of robotic technology to more specifically and deliberately treat patients with brain injury is allowing for increased intensity and duration of activity, and engagement of the patient with an activity of interest. This study demonstrated that gait training with a RE in patients with TBI and CVA leads to similar improvements on FIM scores. The present analysis also demonstrated that key clinic-biologic factors including presence or absence of diabetes, together with start to rehabilitation play key roles in discharge FIM scores. Large multicenter randomized controlled trials comparing the use of the exoskeletons vs. traditional methods in the TBI population are warranted to verify and expand the preliminary findings of this study. Findings lead us to hypothesize that encouraging patients to take a maximum number of steps while using the RE, will lead to increased FIM motor scores. Our study also highlights the need for specific attention into the diabetic patient population such as a need for swift admission into a comprehensive rehabilitation program that includes the option of RE rehabilitation. Taken together, our findings support previous findings showing that the use of RE enhances dosing during motor rehabilitation (Nolan et al., 2020), and that early interventions may produce the most benefit to the recovery of patients.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by DHR Health Institute for Research and Development. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

LT and MA conceptualized the original research idea and wrote the original research protocol. AM collected and verified all data used in the project. PR analyzed the data and prepared figures, methods, and results sections. AT-R supervised data analysis and wrote the first version of the manuscript with LT. All authors contributed to the final edits of the document and approved the current version.



ACKNOWLEDGMENTS

We acknowledged the helpful review of an earlier version of this manuscript by Dr. Sohail Rao from DHR Health Institute for Research and Development.



REFERENCES

 Asselin, P. K., Avedissian, M., Knezevic, S., Kornfeld, S., and Spungen, A. M. (2016). Training persons with spinal cord injury to ambulate using a powered exoskeleton. J. Vis. Exp. 12:54071. doi: 10.3791/54071

 Berger, A., Horst, F., Müller, S., Steinberg, F., and Doppelmayr, M. (2019). Current state and future prospects of EEG and fNIRS in robot-assisted gait rehabilitation: a brief review. Front. Hum. Neurosci. 13:172. doi: 10.3389/fnhum.2019.00172

 Blackwell, D. L., and Villarroel, M. A. (2018). Summary health statistics for U.S. adults: national health interview survey. Natl. Cent. Heal. Stat.

 Bode, R. K., and Heinemann, A. W. (2002). Course of functional improvement after stroke, spinal cord injury, and traumatic brain injury. Arch. Phys. Med. Rehabil. 83, 100–106. doi: 10.1053/apmr.2002.26073

 Bruni, M. F., Melegari, C., De Cola, M. C., Bramanti, A., Bramanti, P., and Calabr,ò, R. S. (2018). What does best evidence tell us about robotic gait rehabilitation in stroke patients: a systematic review and meta-analysis. J. Clin. Neurosci. Off. J. Neurosurg. Soc. Australas. 48, 11–17. doi: 10.1016/j.jocn.2017.10.048

 Capizzi, A., Woo, J., and Verduzco-Gutierrez, M. (2020). Traumatic brain injury: an overview of epidemiology, pathophysiology, and medical management. Med. Clin. North Am. 104, 213–238. doi: 10.1016/j.mcna.2019.11.001

 Centers for Disease Control and Prevention (2015). Report to Congress on Traumatic Brain Injury in the United States: Epidemiology and Rehabilitation. Centers for Disease Control and Prevention.

 Centers for Disease Control Prevention (2019). Surveillance Report of Traumatic Brain Injury-Related Emergency Department Visits, Hospitalizations, and Deaths. Centers for Disease Control and Prevention. Available online at: https://www.cdc.gov/traumaticbraininjury/get_the_facts.html (accessed March 15, 2021).

 Chen, R., Ovbiagele, B., and Feng, W. (2017). Diabetes and stroke: epidemiology, pathophysiology, pharmaceuticals, and outcomes. Am. J. Med. Sci. 351, 380–386. doi: 10.1016/j.amjms.2016.01.011

 Dijkers, M. P., Akers, K. G., Dieffenbach, S., and Galen, S. S. (2019). Systematic reviews of clinical benefits of exoskeleton use for gait and mobility in neurologic disorders: a tertiary study. Arch. Phys. Med. Rehabil. 102, 300–313. doi: 10.1016/j.apmr.2019.01.025

 Dijkers, M. P., deBear, P. C., Erlandson, R. F., Kristy, K., Geer, D. M., and Nichols, A. (1991). Patient and staff acceptance of robotic technology in occupational therapy: a pilot study. J. Rehabil. Res. Dev. 28, 33–44. doi: 10.1682/JRRD.1991.04.0033

 DiRocco, P. J. (1995). Fitness Programming and Physical Disability, 1st Edn. Champaing, IL: Human Kinetics.

 Esquenazi, A., Lee, S., Packel, A. T., and Braitman, L. (2013). A randomized comparative study of manually assisted versus robotic-assisted body weight supported treadmill training in persons with a traumatic brain injury. PM R 5, 280–290. doi: 10.1016/j.pmrj.2012.10.009

 Esquenazi, A., Lee, S., Wikoff, A., Packel, A., Toczylowski, T., and Feeley, J. (2017). A comparison of locomotor therapy interventions: partial-body weight-supported treadmill, lokomat, and G-EO training in people with traumatic brain injury. PM R 9, 839–846. doi: 10.1016/j.pmrj.2016.12.010

 Fasoli, S. E., and Adans-Dester, C. P. (2019). A paradigm shift: rehabilitation robotics, cognitive skills training, and function after stroke. Front. Neurol. 10:1088. doi: 10.3389/fneur.2019.01088

 Gempeler, A., Orrego-González, E., Hernandez-Casanas, A., Castro, A. M., Aristizabal-Mayor, J. D., and Mejia-Mantilla, J. H. (2020). Incidence and effect of diabetes insipidus in the acute care of patients with severe traumatic brain injury. Neurocrit. Care 33, 718–724. doi: 10.1007/s12028-020-00955-x

 Giles, G. M. (2010). Cognitive versus functional approaches to rehabilitation after traumatic brain injury: commentary on a randomized controlled trial. Am. J. Occup. Ther. 64, 182–185. doi: 10.5014/ajot.64.1.182

 Globe Newswire (2020). Ekso Bionics® Receives FDA Clearance to Market its EksoNRTM Robotic Exoskeleton for Use with Acquired Brain Injury Patients. Available online at: https://www.globenewswire.com/news-release/2020/06/25/2053400/0/en/Ekso-Bionics-Receives-FDA-Clearance-to-Market-its-EksoNR-Robotic-Exoskeleton-for-Use-with-Acquired-Brain-Injury-Patients.html (accessed March 15, 2021).

 Hesse, S., and Werner, C. (2009). Connecting research to the needs of patients and clinicians. Brain Res. Bull. 78, 26–34. doi: 10.1016/j.brainresbull.2008.06.004

 Karunakaran, K. K., Nisenson, D. M., and Nolan, K. J. (2020). Alterations in cortical activity due to robotic gait training in traumatic brain injury. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2020, 3224–3227. doi: 10.1109/EMBC44109.2020.9175764

 Khoury, J. C., Kleindorfer, D., Alwell, K., Moomaw, C. J., Woo, D., Adeoye, O., et al. (2013). Diabetes mellitus: a risk factor for ischemic stroke in a large biracial population. Stroke 44, 1500–1504. doi: 10.1161/STROKEAHA.113.001318

 Kumar, R. G., Ketchum, J. M., Corrigan, J. D., Hammond, F. M., Sevigny, M., and Dams-O'Connor, K. (2020). The longitudinal effects of comorbid health burden on functional outcomes for adults with moderate to severe traumatic brain injury. J. Head Trauma Rehabil. 35, E372–E381. doi: 10.1097/HTR.0000000000000572

 Kwakkel, G., Kollen, B., and Lindeman, E. (2004). Understanding the pattern of functional recovery after stroke: facts and theories. Restor. Neurol. Neurosci. 22, 281–299. Available online at: https://content.iospress.com/articles/restorative-neurology-and-neuroscience/rnn00282

 Lane, N. E. (2006). Epidemiology, etiology, and diagnosis of osteoporosis. Am. J. Obstet. Gynecol. 194, S3–S11. doi: 10.1016/j.ajog.2005.08.047

 Langhorne, P., Bernhardt, J., and Kwakkel, G. (2011). Stroke rehabilitation. Lancet 377, 1693–1702. doi: 10.1016/S0140-6736(11)60325-5

 Lapitskaya, N., Nielsen, J. F., and Fuglsang-Frederiksen, A. (2011). Robotic gait training in patients with impaired consciousness due to severe traumatic brain injury. Brain Inj. 25, 1070–1079. doi: 10.3109/02699052.2011.607782

 Lee, M., Saver, J. L., Hong, K.-S., Song, S., Chang, K.-H., and Ovbiagele, B. (2012). Effect of pre-diabetes on future risk of stroke: meta-analysis. BMJ 344:e3564. doi: 10.1136/bmj.e3564

 Leeper, T. J. (2018). Margins: Marginal Effects for Model Objects. Available online at: https://github.com/leeper/margins (accessed March 15, 2021).

 Linacre, J. M., Heinemann, A. W., Wright, B. D., Granger, C. V., and Hamilton, B. B. (1994). The structure and stability of the functional independence measure. Arch. Phys. Med. Rehabil. 75, 127–132. doi: 10.1016/0003-9993(94)90384-0

 Logan, L. M., Semrau, J. A., Debert, C. T., Kenzie, J. M., Scott, S. H., and Dukelow, S. P. (2018). Using robotics to quantify impairments in sensorimotor ability, visuospatial attention, working memory, and executive function after traumatic brain injury. J. Head Trauma Rehabil. 33, E61–E73. doi: 10.1097/HTR.0000000000000349

 Louie, D. R., Mortenson, W. B., Durocher, M., Teasell, R., Yao, J., and Eng, J. J. (2020). Exoskeleton for post-stroke recovery of ambulation (ExStRA): study protocol for a mixed-methods study investigating the efficacy and acceptance of an exoskeleton-based physical therapy program during stroke inpatient rehabilitation. BMC Neurol. 20, 1–9. doi: 10.1186/s12883-020-1617-7

 Maggio, M. G., Torrisi, M., Buda, A., De Luca, R., Piazzitta, D., Cannavò, A., et al. (2020). Effects of robotic neurorehabilitation through lokomat plus virtual reality on cognitive function in patients with traumatic brain injury: a retrospective case-control study. Int. J. Neurosci. 130, 117–123. doi: 10.1080/00207454.2019.1664519

 Mehrholz, J., Thomas, S., Werner, C., Kugler, J., Pohl, M., and Elsner, B. (2017). Electromechanical-assisted training for walking after stroke. Cochrane Database Syst. Rev. 5:CD006185. doi: 10.1002/14651858.CD006185.pub4

 Millard, A. V., Graham, M. A., Mier, N., Moralez, J., Perez-Patron, M., Wickwire, B., et al. (2017). Diabetes screening and prevention in a high-risk, medically isolated border community. Front. Public Heal. 5:135. doi: 10.3389/fpubh.2017.00135

 National Spinal Cord Injury Statistical Center (2019). Facts and Figures at Glance. Birmingham, AL: National Spinal Cord Injury Statistical Center.

 Nelson, L. D., Temkin, N. R., Dikmen, S., Barber, J., Giacino, J. T., Yuh, E., et al. (2019). Recovery after mild traumatic brain injury in patients presenting to us level i trauma centers: a transforming research and clinical knowledge in traumatic brain injury (TRACK-TBI) Study. JAMA Neurol. 76, 1049–1059. doi: 10.1001/jamaneurol.2019.1313

 Nolan, K. J., Karunakaran, K. K., Chervin, K., Monfett, M. R., Bapineedu, R. K., Jasey, N. N., et al. (2020). Robotic exoskeleton gait training during acute stroke inpatient rehabilitation. Front. Neurorobot. 14:581815. doi: 10.3389/fnbot.2020.581815

 Nolan, K. J., Karunakaran, K. K., Ehrenberg, N., and Kesten, A. G. (2018). Robotic exoskeleton gait training for inpatient rehabilitation in a young adult with traumatic brain injury. Conf. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2018, 2809–2812. doi: 10.1109/EMBC.2018.8512745

 O'Donnell, M. J., Xavier, D., Liu, L., Zhang, H., Chin, S. L., Rao-Melacini, P., et al. (2010). Risk factors for ischaemic and intracerebral haemorrhagic stroke in 22 countries (the INTERSTROKE study): a case-control study. Lancet 376, 112–123. doi: 10.1016/S0140-6736(10)60834-3

 Palermo, A. E., Maher, J. L., Baunsgaard, C. B., and Nash, M. S. (2017). Clinician-focused overview of bionic exoskeleton use after spinal cord injury. Top. Spinal Cord Inj. Rehabil. 23, 234–244. doi: 10.1310/sci2303-234

 Parrington, L., Jehu, D. A., Fino, P. C., Stuart, S., Wilhelm, J., Pettigrew, N., et al. (2020). The Sensor Technology and Rehabilitative Timing (START) protocol: a randomized controlled trial for the rehabilitation of mild traumatic brain injury. Phys. Ther. 100, 687–697. doi: 10.1093/ptj/pzaa007

 Permenter, C. M., Fernández-de Thomas, R. J., and Sherman, A.l (2020). Postconcussive Syndrome. Treasure Island, FL: StatPearls Publishing.

 R Core Team (2020). R: A Language and Environment for Statistical Computing. Available online at: https://www.r-project.org/ (accessed March 15, 2021).

 Tatara, Y., Shimada, R., and Kibayashi, K. (2020). Effects of preexisting diabetes mellitus on the severity of traumatic brain injury. J. Neurotrauma 38, 886–902. doi: 10.1089/neu.2020.7118

 Theadom, A., McDonald, S., Starkey, N., Barker-Collo, S., Jones, K. M., Ameratunga, S., et al. (2019). Social cognition four years after mild-TBI: an age-matched prospective longitudinal cohort study. Neuropsychology 33, 560–567. doi: 10.1037/neu0000516

 Thorpe, E. R., Garrett, K. B., Smith, A. M., Reneker, J. C., and Phillips, R. S. (2018). Outcome measure scores predict discharge destination in patients with acute and subacute stroke: a systematic review and series of meta-analyses. J. Neurol. Phys. Ther. 42, 2–11. doi: 10.1097/NPT.0000000000000211

 Tomida, K., Sonoda, S., Hirano, S., Suzuki, A., Tanino, G., Kawakami, K., et al. (2019). Randomized controlled trial of gait training using Gait Exercise Assist Robot (GEAR) in stroke patients with hemiplegia. J. Stroke Cerebrovasc. Dis. Off. J. Natl. Stroke Assoc. 28, 2421–2428. doi: 10.1016/j.jstrokecerebrovasdis.2019.06.030

 Tziomalos, K. Type 2 diabetes is associated with a worse functional outcome of ischemic stroke. World J Diabetes. (2014) 5:939. 10.4239/wjd.v5.i6.939

 Uniform Data system for Medical Rehabilitation (2020). Available online at: https://www.udsmr.org/ (accessed March 15, 2021).

 UT Health–School of Public Health Brownsville (2018). RHP 5 Community Needs Assessment. Available online at: http://www.hchd.org/DocumentCenter/View/254/2018-FINAL-Community-Needs-Assessment-RHP5 (accessed March 15, 2021).

 Wang, Y. H., Yang, Y. R., Pan, P. J., and Wang, R. Y. (2014). Modeling factors predictive of functional improvement following acute stroke. J. Chin. Med. Assoc. 77, 469–476. doi: 10.1016/j.jcma.2014.03.006

 Williams, G., Lai, D., Schache, A., and Morris, M. E. (2015). Classification of gait disorders following traumatic brain injury. J. Head Trauma Rehabil. 30, E13–E23. doi: 10.1097/HTR.0000000000000038

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

Copyright © 2021 Treviño, Roberge, Auer, Morales and Torres-Reveron. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnbot-15-682156-t003.jpg
Admission motor
FIM score

Admission motor FIM score 1
Motor FIM change

Diabetic status

Sex (Male)

Patient age

Days to Start Rehab

BN

Gos

Total num. steps taken

*Represents significant correlation between factors p < 0.05. *Represents the impact of having a TBI relative to a CVA.

Motor FIM
change

0.12
1

Diabetic status

0.23
-0.07

Sex (Male)

0.26
0.08
0.24

Patient age

037"
-0.2
0.42*
0.26

Days to Start
Rehab

-0.34"
0.03
-0.36"
-0.26
-0.56"
1

T8I

011

0.19
-0.19

0.23

-0.35"

0.16

acs

0.15
-0.09
0.29
-0.22
0.44*
-0.24
-0.21

Total num. steps
taken

-0.27
03
-0.15
-0.1






OPS/images/fnbot-15-682156-t001.jpg
Variables* CVA

n =27 (75%)
Diabetic, n (%) 15 (66%)
Sex, n Male (%) 22 (81%)
Length of Stay (SD) 24.67 (11.26)
Age in years, mean (SD) 60.93 (13.27)
Days to Start Rehab, mean (SD) 23.11(28.72)
Admission motor FIM score, mean (SD) 28.19 (11.65)
Motor FIM change, mean (SD) 20.93 (10.4)
Glasgow Coma Scale, mean (SD) 1811 3.77)
RE Sessions (SD) 4.63(3.76)
Total number of steps taken, mean (SD) 1084.74 (1110.82)

*Bolded variables represent clinically significant measures used in the regression analyses.

T8I
9(25%)

3(33%)
9(100%)
19.33 (4.87)
4567 (28.74)
33.78(33.74)
31 (12.06)
25,22 8.91)
11.11 (4.88)
3.89(1.9)
1170 (1017.47)

0.44
0.40
0.06
0.16
0.41
0.55
0.25
0.28
0.45
0.83





OPS/images/fnbot-15-682156-t002.jpg
Variables* Non-diabetic

n =18 (50%)
TBI, n (%) 6(33%)
Sex, n Male (%) 14 (78%)
Length of Stay (SD) 2522 (11.75)
Age in years, mean (SD) 4917 (22.37)
Days to Start Rehab, mean (SD) 365 (38.34)
Admission motor FIM score, mean (SD) 26.28 (9.35)
Motor FIM change, mean (SD) 22,67 (10.26)
Glasgow Coma Scale, mean (SD) 11.44 (4.84)
RE Sessions (SD) 4525)
Total number of steps taken, mean (SD) 1263.22 (883.42)

*Bolded variables represent clinically significant measures used in the regression analyses.

Diabetic
18 (50%)

n

3(17%)

17 (94%)
21.44 (21.44)
65.06 (10.79)
15.06 (11.35)
31.5(18.31)
2133 (10.19)
13.78 (2.86)

4.39 (4.16)
948,89 (1242.77)

0.44
0.34
0.28
001
0.03
0.18
0.70
0.09
0.92
0.38





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Predictors of Functional Outcome in a Cohort of Hispanic Patients Using Exoskeleton Rehabilitation for Cerebrovascular Accidents and Traumatic Brain Injury



		Introduction



		Materials and Methods



		Study Design and Setting



		Participants



		Variables



		Matched Participants



		Data Sources/Measurements



		Reduction of Bias



		Exoskeleton Use Protocol



		Statistical Methods







		Results



		Discussion



		Study Limitations



		Conclusions







		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers .
in Neurorobotics

Predictors of Functional Outcome in
a Cohort of Hispanic Patients Using
Exoskeleton Rehabilitation for
Cerebrovascular Accidents and
Traumatic Brain Injury





OPS/images/fnbot-15-682156-g001.gif
partcipating in exostkeletal rehabitation

n=75
Patients who. Patients who
suffereda suffereda
Traumatic Brain Cerebrovascular.
njury (T81) Accident (CVA)
n=9 n=66

Matching.
Agorithm

Study Population.

CVA patients not

matched foranaiysis @ e
=39 8 canza
2 Mo et





OPS/images/fnbot-15-682156-g002.gif
50+

FIM score

FIM score

Motor FIM values by injury type

= CVA
= T8I

Adm. Change
Motor FIM  Motor FIM

Motor FIM values by diabetic status

Non-diabetic
B Diabetic

Adm. Change
Motor FIM  Motor FIM









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Neurorobotics





