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Determining readiness for duty after mild traumatic brain injury (mTBI) is essential for the safety of service members and their unit. Currently, these decisions are primarily based on self-reported symptoms, objective measures that assess a single system, or standardized physical or cognitive tests that may be insensitive or lack ecological validity for warrior tasks. While significant technological advancements have been made in a variety of assessments of these individual systems, assessments of isolated tasks are neither diagnostically accurate nor representative of the demands imposed by daily life and military activities. Emerging evidence suggests that complex tasks, such as dual-task paradigms or turning, have utility in probing functional deficits after mTBI. Objective measures from turning tasks in single- or dual-task conditions, therefore, may be highly valuable for clinical assessments and return-to-duty decisions after mTBI. The goals of this study are to assess the diagnostic accuracy, predictive capacity, and responsiveness to rehabilitation of objective, dual-task turning measures within an mTBI population. These goals will be accomplished over two phases. Phase 1 will enroll civilians at three sites and active-duty service members at one site to examine the diagnostic accuracy and predictive capacity of dual-task turning outcomes. Phase 1 participants will complete a series of turning tasks while wearing inertial sensors and a battery of clinical questionnaires, neurocognitive testing, and standard clinical assessments of function. Phase 2 will enroll active-duty service members referred for rehabilitation from two military medical treatment facilities to investigate the responsiveness to rehabilitation of objective dual-task turning measures. Phase 2 participants will complete two assessments of turning while wearing inertial sensors: a baseline assessment prior to the first rehabilitation session and a post-rehabilitation assessment after the physical therapist determines the participant has completed his/her rehabilitation course. A variable selection procedure will then be implemented to determine the best task and outcome measure for return-to-duty decisions based on diagnostic accuracy, predictive capacity, and responsiveness to rehabilitation. Overall, the results of this study will provide guidance and potential new tools for clinical decisions in individuals with mTBI.

Clinical Trial Registration: clinicaltrials.gov, Identifier NCT03892291.
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INTRODUCTION

Determining readiness for duty after mild traumatic brain injury (mTBI) is essential for the safety of service members (SMs) and their units. Sensory, motor, and cognitive deficits such as delayed reaction time (1), imbalance (2), and poorer cognitive functioning (3, 4) can pose serious risks to individuals following mTBI. Athletes with a recent mTBI are 60 to 70% more likely to experience a musculoskeletal injury over the subsequent 12 months compared to teammates without a recent mTBI, despite having no obvious clinical impairment, suggesting that these individuals are not fully ready for competitive activity when medically cleared after their mTBI (5–10). In SMs with mTBI, lasting impairments can have more severe implications. The ability to perform warrior tasks and battle drills, such as moving under fire while maintaining situational awareness, reacting to contact, and establishing security, is a critical component of combat effectiveness and survival for the SMs and their unit (11, 12). Additionally, the unit's mission readiness depends on the health of every SM; withholding an SM from duty requires convincing justification that they pose a tangible risk to themselves or their unit. Thus, return-to-duty (RTD) decisions should be made using objective assessments that are sensitive to mTBI-related deficits and are associated with functional performance in theater.

Currently, RTD decisions are based on self-reported symptoms, objective measures that assess a single system, or standardized physical tests that lack ecological validity for warrior tasks or battle drills. Duty-readiness is primarily assessed using patient-reported symptoms (13–16) and through batteries of clinical tests designed to detect single-system impairments in isolated sensory, balance, or cognitive domains. Decisions that hinge on self-reported symptoms do not assess function (12), and it is unclear whether self-reported symptoms are associated with job performance decrements that would constitute a tangible risk to SMs or their units. While persistent symptoms have been associated with lower quality of life and community integration (17–19), the impact of symptoms on comprehensive, functional performance is poorly understood (20, 21). Recently, the rehabilitation community has recognized the need to measure a multifaceted battery of assessments to characterize mTBI recovery (22–24), but these batteries remain a compilation of single-domain clinical assessments and may not be representative of the demands imposed by daily life and military activities (12, 25–29). The majority of warrior tasks (urban assault, building breaching, movement to contact, etc.) require the constant integration of complex sensory stimuli (visual, vestibular, and proprioceptive) while under cognitive load during movement in extreme and varying physical conditions (30, 31).

While understudied in mTBI populations (32), ambulatory turning is a complex task that requires the simultaneous integration of various systems that can be impaired after mTBI. Safe and effective turning is dependent on multiple systems and sophisticated integration between vestibular, ocular, somatosensory, motor, and cognitive functioning (33–35) to achieve coordinated head and body reorientation (36, 37). During turning, dynamic shifts in the body-sensed gravitoinertial acceleration reference frame (38) and asymmetrical loadings (39) alter vestibular and proprioceptive sensory information, requiring dynamic reweighting of sensorimotor information and sophisticated oculomotor reflexes to stabilize spatial information (38). Multisegmental coordination between the head, trunk, pelvis, and feet is required during turning to reorient the body and to account for the centripetal force and the increased risk of slips (40, 41) caused by transverse loads (39, 42–44). Even in a non-athlete population, turning is a critical functional movement; people generally turn 800 to 1,000 times per day (45), and more than 40% of daily steps are non-straight (46).

Turning velocity and head–body coordination during activities with cognitive demands are critical to an SM's ability to safely and effectively scan and maneuver through operational environments. The ability to successfully acquire, aim, and hit a target is a critical warrior task that requires rapid and coordinated reorientation of the head and body (47). Further, performance of a military agility drill during standard agility tasks is largely influenced by the quality of turning (48). Combining turning tasks with realistic cognitive demands may better reflect functional performance (12, 49–51). The ability to do two tasks at once is theorized to require executive control as attention must be appropriately allocated to successfully perform both tasks. Individuals with mTBI and more severe acquired brain injury show difficulty when performing simultaneous motor and cognitive tasks (52), including decreased walking speed, increased variability, decreased stability (53), and an impaired ability to perceive and avoid obstacles when walking (54). Warfighter tasks require decision-making and intact cognitive and sensory function and are often performed in dynamic and stressful environments requiring elite physical abilities. Simultaneous and dynamic measurement of turning in combination with appropriate and ecologically relevant cognitive overlay may be a sensitive and reliable paradigm to assess real-world function in a standardized and measurable way.

Quantifying turning performance has traditionally been difficult in clinical settings, but recent advances in wearable sensors have enabled objective, robust, reliable, and sensitive assessments of turning performance in other clinical populations (45, 55–59). This project is designed to transition our previous research findings (8, 9, 21, 45, 55–59) into clinical settings for improved assessments after mTBI by evaluating objective dual-task (DT) turning measures for use as rehabilitative outcomes and as tools for RTD assessments. Therefore, the first goal of this study is to assess diagnostic accuracy—the added value of objective DT turning measures over standard clinical assessments. We hypothesize (a) that objective turning measures, performed in DT contexts, will improve the diagnostic accuracy relative to standard clinical assessments of physical function among people with mTBI and (b) that objective turning measures, performed in DT contexts, will be associated with impairments in International Classification of Functioning, Disability, and Health (ICF) model components, including body functions and structures, activities, and participation domains (60). The second goal of this study is to determine predictive capacity—if objective DT turning measures predict functional performance in civilian and military relevant tasks. We hypothesize that objective turning measures, performed in DT contexts and obtained in the clinic, will predict functional performance in (a) ecologically relevant civilian environments and in (b) ecologically relevant simulated high-demand battle drills. Our third goal in this study is to assess responsiveness to rehabilitation—the responsiveness of objective DT turning measures to standard vestibular rehabilitation in active-duty SMs with residual mTBI-related symptoms. We hypothesize that objective turning measures, performed in DT contexts, will measurably improve over the course of customary rehabilitation for SMs with mTBI-related residual symptoms.



METHODS/DESIGN

This study has two phases: for Phase 1, participants will be recruited from the general civilian populations surrounding three sites [Oregon Health & Science University (OHSU), University of Utah (UU), Courage Kenny Research Center (CKRC)] and active-duty SMs at one site [Fort Sam Houston (FSH)] to address the first two goals of the study (diagnostic accuracy and predictive capacity). For Phase 2, participants will be recruited from active-duty SMs referred to military medical treatment facilities (Evans Army Community Hospital and Madigan Army Medical Center) for physical therapy following mTBI to address the third goal of the study (responsiveness to rehabilitation). This study has been registered on ClinicalTrials.gov (NCT03892291).


Phase 1: Diagnostic Accuracy and Predictive Capacity of Turning Measures
 
Participants

Phase 1 will include approximately 50 civilians with persistent symptoms from mTBI, 50 civilian healthy controls, and 40 active-duty SM healthy controls. Three non-military sites (OHSU, UU, CKRC) will test civilians. A fourth military site (FSH) will enroll and test 40 active-duty SM healthy controls across a range of military experience and ability levels.



Inclusion and Exclusion Criteria

Participants may be active duty (at FSH), veterans, or nonveterans and must (1) have a diagnosis of mTBI based on Veterans Affairs/Department of Defense (VA/DoD) criteria (61, 62), (2) be between 18 and 50 years old, and (3) be outside of the acute stage (>3 weeks postconcussion) according to the VA/DoD clinical practice guidelines (63) but within 3 years of their most recent mTBI and still reporting symptoms. Control participants must have no history of mTBI or be more than 7 years removed from their most recent mTBI and no reported residual symptoms. All participants must (1) not have had or currently have any other injury, medical, or neurological illness that could potentially explain balance deficits (e.g., central or peripheral nervous system disease, stroke, greater than mild TBI, lower extremity amputation, recent (<6 months) lower extremity or spine orthopedic injury requiring a profile); (2) meet criteria for moderate to severe substance-use disorder within the past month, as defined by Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (64); (3) display behavior that would significantly interfere with validity of data collection or safety during the study; (4) be in significant pain during the evaluation (7/10 by patient subjective report); (5) be a pregnant female (balance considerations); or (6) be unable to communicate in English.



Assessment Procedures

All assessment procedures for Phase 1 will occur in a single session. Potential participants will be screened for eligibility prior to scheduling their assessment and their arrival at the clinic. Upon arrival at the clinic, study team personnel will review the study procedures and obtain informed written consent from the participant. All participants will be assessed using a battery of assessments including self-reported questionnaires, computerized neurocognition, single-task and DT turning, ecologically relevant mobility tests, clinical mobility tests, and vestibular–ocular motor screening. All procedures have been approved by local institutional review boards and the US Army Medical Research and Materiel Command, Office of Research Protections, Human Research Protection Office.



Primary Outcome Measures—Diagnostic Accuracy

The primary outcome measures will be obtained through a series of clinical turning tasks (Table 1). Each participant will complete three prescribed clinical turning assessments in the laboratory while being measured with wearable sensors. The prescribed tests will involve a 1-min walk test between two lines on the ground marked 6 m apart (1MW), a modified Illinois Agility Test (mIAT) (65, 66), and a custom clinical turning course (CCTC) designed to mimic turns performed in daily life (21) (Figure 1). All participants will perform one block of turning tasks. Each block will consist of one 1MW, one mIAT, and one CCTC performed with no additional cognitive task, and one 1MW, one mIAT, and one CCTC performed with a simultaneous cognitive overlay. The cognitive overlay for the 1MW and the mIAT involves an 8-digit grid coordinate memorization task. The overlay for the CCTC involves monitoring and responding to keywords in a custom-developed simulated radio chatter task (28). A subset of participants will complete a second block of turning tasks to establish test–retest reliability and minimum detectable change.


Table 1. Primary outcomes from objective turning tasks in phase 1.
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FIGURE 1. Overview of the three primary clinical turning tasks for this study protocol. Left: The 1-min walk (1MW) test is performed by walking at one's self-selected pace back and forth between two lines for 1 min; turns are assessed at the end of the walk, and all turns are 180°. Center: The modified Illinois Agility Test (mIAT) is a condensed version of the Illinois Agility Test and completed at one's maximum running speed; turns are assessed throughout the course and include 180° turns at the ends and shallower slalom turns in the middle. Right: The custom clinical turning course (CCTC) was designed to fit in a small hallway or large examination room and is completed at one's comfortable walking pace; turns are evaluated throughout the course and include 45°, 90°, and 135° turns representative of daily life.




Primary Outcome Measures—Predictive Capacity

To assess the capacity of DT turning measures to predict performance in a civilian ambulatory task (CAT), participants will navigate through an uncontrolled pedestrian environment while wearing inertial sensors as shown in Figure 1. A walking route of standardized length will be established at each site for participants to walk around the testing location. Common elements at each site's walking route will be written instructions and landmark-based directions to follow (e.g., take the second set of doors on your right). Each site's walking route will require participants to ambulate around public areas and will take ~7 min to complete. Participants will be required to navigate through crowded hallways, ascend and descend stairs, and scan for pedestrian traffic. A trained research assistant will accompany the participant throughout the entire route and provide verbal commands. The research assistant will remain behind the participant to not interfere with the navigation, but close enough to assist the participant in case of a loss of balance. Secondary landmarks will be known by the research assistants. If the participant misses a landmark, the research assistant will notify the participant once he/she reaches the secondary landmark, and the research assistant will instruct the participant that he/she traveled the wrong way and reread the instruction. The route will end in the initial testing area. The primary outcome of the CAT will be the time required to complete the route. Secondary outcome measures will include the peak head and trunk turning velocity, the head–body coordination throughout the course, and the number of landmarks identified and missed.

To assess the capacity of DT turning measures to predict performance in a military-relevant task, participants will complete a simulated urban patrol task (SUP, Figure 2). During the SUP task, participants will navigate an environment containing two small rooms separated by a doorway. The environment will be created using portable partitioning boards to compartmentalize a medium-sized clinical or laboratory space. Each compartmentalized room within the environment will contain five 5-cm diameter targets, surrounded by LED lights. The targets will be placed in areas that are not visible from the adjoining compartment. The LED lights surrounding each target will denote either hostile (illuminated red) or friendly (illuminated blue) targets.


[image: Figure 2]
FIGURE 2. Overview of the Simulated Urban Patrol (SUP) task. (A) Bird's-eye view of the compartmentalized rooms including one configuration of hostile (red) and friendly (blue) targets. Some targets were configured to require multiple shots to clear; these targets are denoted with three red ***. (B) Example image of a hostile target that required three shots to clear. With each shot, 1/3 of the target's LEDs turn off; participants are instructed to completely clear all LEDs on the hostile targets. (C) Example image of a friendly target turning white when tagged indicating an incorrect shot.


Participants will be instructed to enter the environment and secure the area as quickly as possible by clearing all hostile targets without harming friendly targets. Participants will use a mock weapon with a trigger-activated laser (i.e., laser gun) to clear targets. To clear hostile targets, participants will need to accurately scan each room and tag the hostile target with their laser. Each target will contain infrared-sensing diodes that will identify when the target was tagged with the laser. Upon tagging each target with a laser, the LEDs surrounding the hostile targets will turn off, while the LEDs surrounding the friendly targets will turn white (indicating an incorrect shot). Following the task, participants will also be asked to recount the number of hostile targets and number of friendly targets in each room. The primary outcome of functional performance for the simulated SUP task will be a throughput score calculated using the Comstock method (67), which allows unlimited rounds and penalizes shooting at the wrong target twice the score of shooting at the correct target (i.e., shooting a friendly target is twice as bad as missing a hostile target). Therefore, each trial will have a maximum number of possible accuracy points: Possible points = 2 * (Number of friendly targets) + 1 * (Number of hostile targets). The final accuracy score will be Accuracy score = Possible points – 2 * (Number of tagged friendly targets) – 1 * (Number of untagged hostile targets). The final throughput score will then be calculated by dividing the accuracy score by the time to complete the task: Throughput = Accuracy score/Completion time. Secondary outcomes will include objective measures of movement, including peak head and trunk turning velocity and head–body coordination, target accuracy, and the accuracy of the hostile / friendly target recall.



Sample Size

Sample size calculation and power analysis were based on Hedge's g effect sizes determined through preliminary data on turning in people with mTBI (21); we observed a range of Hedge's g effect sizes of −1.09 to −1.32 between the peak lumbar turn velocity of healthy controls and people with mTBI and residual symptoms when performing 90° turns. With 50 civilian participants per group and the midrange effect size from our preliminary work, we will have 90% power to detect differences in peak lumbar turning velocity between healthy controls and people with mTBI with a two-tailed 0.01 significance level if we observe at least 65% of the effect size we observed previously (g = −1.20). For the second goal, the power analysis was based on the correlation between clinic-based peak turning velocity and the duration of walking bouts, a common measure of daily ambulatory function, exhibited during daily, unmonitored activities at home (Pearson ρ = 0.362, data obtained from DoD #W81XWH-15-1-0620). With 140 planned participants (100 civilian participants and 40 active-duty participants), we will have 97% power to detect a correlation between the lumbar turning velocity measured in the clinic and daily function with a two-tailed 0.01 significance level if we observe the same effect size. Power calculations were performed in G*Power 3.1.9.2 (68).



Secondary Outcome Measures

Secondary outcome measures of symptomology, cognition, static balance, and clinical measures of mobility are provided in Table 2. Participation level outcomes will be assessed using the Neurobehavioral Symptom Inventory (NSI) (69), Dizziness Handicap Inventory (DHI) (70), and Quality of Life after Brain Injury (QOLIBRI) questionnaires (71). Clinical assessments of activity level will include postural sway during static quiet standing, the Functional Gait Assessment (FGA) (72), and the High Level Mobility Assessment Tool (HiMAT) (73–75). Assessments of body function and structure will include the Vestibular Ocular Motor Screening (VOMS) (76) and the Automated Neuropsychological Assessments Metrics (ANAM) (77). In agreement with the Common Data Elements (CDE) recommendations, covariates aligning with the National Institute of Neurological Disorders and Stroke and Federal Interagency Traumatic Brain Injury Research CDEs will also be recorded. Covariates and confounders will include (1) significant medical history and mTBI history based on a modified version of the Ohio State University TBI Identification Method (prior mTBIs, loss or alteration of consciousness, length of posttraumatic amnesia) and (2) posttraumatic stress disorders (PTSD) using the PTSD Checklist for Civilians and PTSD Checklist for Veterans (78, 79). Military Occupational Specialty (for enlisted and warrant officers) or Area of Concentration (for commissioned officers) for Army participants, Air Force Specialty Code for Air Force participants, and Navy Enlisted Classification (for enlisted SMs) or Commissioned Officer Designator (for commissioned officers) for Navy participants will be collected to further characterize the active-duty military sample.


Table 2. Secondary outcome measures for phase 1.
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Statistical Analysis

To evaluate the capability of objective, DT turning measures to discriminate between healthy controls and people with mTBI, we will construct receiver operating characteristic (ROC) curves using each objective turning outcome and clinical assessment of activity. The area under the ROC curve (AUC) will be calculated, and AUC confidence intervals will be generated through a bootstrapping procedure. We will compare the AUCs and confidence intervals between each objective turning measure and clinical assessment of activity using tests of equality and a 0.05 significance level with Holm-Bonferroni corrections to adjust for multiple comparisons.

To assess the capacity of DT turning measures to predict performance in civilian or military-relevant tasks, we will use Pearson correlation coefficients and linear regression models. Pearson correlation coefficients will compare the linear relationship between objective turning outcomes and the primary outcome of task completion time during the CAT and throughput during the SUP tasks within participants with mTBI, healthy control participants, and all participants together. To determine how changes in objective turning measures correspond to changes in functional performance, linear regression models will be built for each objective turning measure that was significantly associated with functional performance. The primary outcomes for the civilian and military-relevant tasks will be modeled as the dependent variable. To account for potential differences in performance between civilians and active-duty SMs, a group effect will be included as a covariate. Beta coefficients will be interpreted to identify the relative change in objective turning measures that are associated with changes equal in magnitude to 1 standard deviation of the healthy control participants' performance.




Secondary Statistical Analyses

To evaluate if turning outcomes have added value over standard clinical assessments of physical function, base multivariate logistic regression models will be constructed for each clinical assessment of physical function (e.g., FGA, HiMAT). A “base + 1” logistic regression model will be built by adding the objective turning measure with the highest AUC as described above. ROC curves will be constructed for the base and “base + 1” models, and the AUC calculated and compared using likelihood ratio tests. If the AUC from the “base + 1” model is greater than the AUC of the base model, then the process will be repeated iteratively—the outcome measure with the next largest univariate AUC will be added to the “base + 1” logistic regression model to create a “base + n” model until the addition of outcomes does not significantly change the AUC.

To evaluate if objective turning measures will be associated with impairments in ICF model components, including body functions and structures, activities, and participation domains, Pearson and Spearman correlation coefficients will be implemented separately within healthy civilian control participants, healthy active-duty control participants, and civilians with mTBI. Linear regression models with ICF impairments (Table 2) as dependent outcomes and main effects of objective turning outcomes, group, and the group * turning outcome interaction will assess whether the association between objective turning outcomes and ICF function varies by group through the interaction term. A 0.05 significance level will be used with stepwise Holm-Bonferroni corrections to adjust for multiple comparisons.

To determine clinically viable measures of turning based on clinometric properties, we will calculate the repeatability and minimum detectable difference using a Bland-Altman framework on the subset of participants who complete two blocks of turning tasks (80, 81). Linear mixed models will be fit for each objective outcome measure and task combination, with site location included as a covariate. Random intercepts will be fit for each participant to control for repeated measurements. Repeatability and minimum detectable change will be assessed using the within-subject error term for each outcome measure. Minimum detectable change will be calculated as [image: image] times the within-subject error of the civilian control, military control, and civilian mTBI groups separately, as well as all groups combined. Differences across sites will be assessed using the standard error of effect of site location. Intraclass correlation coefficients will assess the absolute agreement and consistency of the outcomes across difference testing blocks. Outcomes with ICCs >0.7 will be identified as having good agreement and consistency for clinical implementation. Bias and learning effects will be considered by directly investigating the mean and median difference between blocks using a Bland-Altman framework (80, 81).

To determine whether healthy active-duty SMs perform turning tasks differently than healthy civilians, we will fit linear regression models for each turning outcome with main effects of group (active-duty SMs vs. civilians) and adjusted for age, body mass index, and other potential covariates. Inferences will be made using a significance level of 0.05 and a Holm-Bonferroni adjustment for multiple comparisons. If we find outcomes significantly differ between active-duty populations and control populations, we can conclude that population-specific normative values are needed. Given the large sample size of active-duty SMs and controls, we will then separate active-duty and civilian control groups for future analyses using those outcomes with significant differences between active-duty and civilian control participants. If we fail to find differences between active-duty and civilian control groups, it suggests performance does not vary by service status, and normative means, standard deviations, and minimum detectable changes will be calculated by combining data from all healthy control participants. We will also compare the distributions of performance using interval estimators to determine the extent to which the range of performance overlaps between active-duty SMs and civilians.



Phase 2: Responsiveness to Rehabilitation
 
Participants

Phase 2 will include 40 active-duty SMs with persistent symptoms from mTBI who are referred for physical therapy because of their symptoms. Participants will be recruited from two military medical centers specializing in the rehabilitation of active-duty personnel after mTBI, the Evans Army Community Hospital (EACH) at Fort Carson, CO; and Madigan Army Medical Center (MAMC) at Joint Base Lewis-McChord, WA. Each site will recruit 20 participants for Phase 2. Participants will be tested before and after their rehabilitation; this study will have no influence or input on the rehabilitation prescribed or delivered to the participants.



Inclusion and Exclusion Criteria

All participants must be active-duty SMs who are referred to either the EACH or MAMC for physical therapy following mTBI. All other inclusion and exclusion criteria will be identical to those in Phase 1.



Assessment Procedures

Participants will complete two assessments: a baseline assessment prior to the first rehabilitation session and a postrehabilitation assessment after the physical therapist determines the participant has completed his/her rehabilitation course. At each assessment, patients will complete symptom inventories (NSI, DHI, QOLIBRI) and will be outfitted with inertial sensors. Participants will then complete the three turning tasks described in Phase I while wearing the sensors. One block will be performed, consisting of one 1MW, one mIAT, and one CCTC performed with no additional cognitive task, and one 1MW, one mIAT, and one CCTC performed while simultaneously performing a cognitively demanding task. At the postrehabilitation assessment, participants will complete the Patients' Global Impression of Change Scale (PGIC) (82). Participants' adherence to their rehabilitation program will be measured by their attendance at scheduled physical therapy visits.



Primary Outcome Measures—Responsiveness to Rehabilitation

To determine the responsiveness to rehabilitation, we will (1) determine the clinically important difference for objective turning outcomes and (2) compare the standardized response mean of each to rehabilitation to the minimum detectable change calculated in Phase I.

To determine the clinically important difference of turning outcomes, changes in objective turning outcomes will be anchored to the PGIC. Linear regression models will be fit to determine the differences in objective turning outcomes that are associated with a unit improvement in the patients' activity, symptoms, emotions, and overall quality of life, based on the PGIC.

To compare the effect of rehabilitation to the minimum detectable change, calculated from Phase 1, for each outcome, we will compute the mean difference between pre-rehabilitation and post-rehabilitation for each objective turning outcome. For each outcome, the ratio of the mean difference over minimum detectable change will be calculated. Ratios >1 will indicate that the mean difference due to rehabilitation was greater than normal variation between measurements, with larger ratios indicating larger effects due to rehabilitation.




Refinement of Tasks and Outcomes for Future Clinical Use

To reduce the number of tasks and outcomes, a variable selection procedure will be implemented. First, objective turning outcomes for each task will be ranked according to their (1) AUC in differentiating people with mTBI from healthy control subjects, (2) correlation with functional performance in the civilian-relevant task, (3) correlation with functional performance in the military-relevant task, and (4) ratio of mean effect of rehabilitation over minimum detectable change. Outcome–task combinations will then be ordered according to the sum of their ranks across these four categories, where a lower total is better. The outcome, and associated task, with the lowest total sum will be identified and put forward in future applications and clinical training tools. Additionally, a civilian-specific task/outcome combination will be identified by summing the ranks, but excluding the rank corresponding to the correlation with functional performance in the military-relevant task. A military-specific task/outcome combination will be identified similarly, but summing all ranks except the correlation with functional performance during the civilian-specific task.




DISCUSSION

The functional deficits after mTBI can be subtle and are often overlooked in routine clinical assessments. Overt balance and mobility deficits during clinical tests typically resolve within 3 to 5 days after mTBI (83), but persistent, subtle abnormalities have been detected using sophisticated instrumentation and analysis techniques (53, 84–91). Increasing the difficulty or complexity of a task, such as adding a simultaneous cognitive DT, can also reveal subtle abnormalities; numerous studies describe the ability of DT measures to detect subtle, residual deficits from mTBI that may not be detected by traditional single domain assessment strategies (28, 49, 50, 92). Tests of physical function, such as the FGA and HiMAT, assess global performance during these complex tasks, but lack objectivity and nuanced measurement scales (12) that limit the tests' sensitivities (93, 94). However, recent advances in wearable technologies have enabled objective, sensitive assessments of subtle motor deficits during common clinical tests (8, 9, 95). By leveraging wearable sensors to quantify turning, an ecologically relevant and complex task, we hope to improve clinical decision-making after mTBI.

Clinical feasibility and ceiling effects in high-performing individuals are two main challenges in designing ecologically relevant assessments for RTD decisions. In tackling these challenges, we considered the following principles—the RTD assessment must be limited in time and equipment and easily administered; the clinically feasible assessment should, on its face, be ecologically relevant; performance on the assessment should be directly associated with performance in real-world tasks; and there should be no ceiling caused by the measurement technique (25). These principles led to the adaptation of three clinically feasible turning tasks that can each be administered with little additional training. While these tasks directly quantify the speed of turning, an ecologically relevant action performed hundreds of times per day (45), the tasks themselves are constrained based on clinical feasibility; they do not incorporate some of the complexities of the real world. Thus, the ability of outcomes from these turning tasks to predict performance on more specialized tasks (our CAT and SUP) is critical to the ecological relevance. Finally, while these turning tasks are rather simple compared to a simulated battle drill, wearable sensors facilitate continuous, objective outcome measures without an arbitrary ceiling due to the method of measurement.

If we find the DT turning performance can improve diagnostic accuracy of standard clinical assessments, is associated with functional performance in ecologically relevant tasks, and is responsive to rehabilitation, the results of this study will motivate rapid adoption of DT turning assessments in mTBI rehabilitation and RTD decisions. However, we anticipate that a single outcome measure may not satisfy all of these criteria. By instrumenting various body segments with wearable inertial sensors, we will simultaneously capture multiple outcome measures, each quantifying distinct aspects of movement (Table 1), for each task. Current clinical assessments of physical function lack this feature; they provide only one global score. However, clinical assessments with too many outcomes can become unguided. Our procedure to refine the selection of tasks and outcomes will rank outcomes based on their individual attributes (e.g., diagnostic accuracy, predictive capacity, sensitivity to change), as well as their overall combined attributes. These rankings will then guide the selection of tasks and outcomes that are ultimately recommended for clinical implementation.

Occupational demands and physical capabilities vary widely between and within civilians and military populations. Thus, adequate performance on the proposed turning tasks may be viewed as the bare minimum standard for RTD decisions. Because of the vast heterogeneity in occupational demands and physical capabilities both within and outside of the military, the current study is not designed to determine how performance varies by these factors. However, we anticipate addressing the extent to which performance differs between general civilian and military populations. If military populations perform differently (e.g., turn faster), it supports the use of population-adjusted normative ranges. Yet, even population adjusted normative ranges fail to address the variability within each subset due to occupation or physical health. Accordingly, the results of this study may be seen as a stepping stone for more individualized, and perhaps more complex, RTD assessments based on specific occupational duties.

Similar heterogeneity exists in the timeline of care and symptomology for individuals with mTBI. Based on recent evidence that active rehabilitation can be initiated within several weeks after mTBI and may yield greater gains than a traditional wait-and-see approach (96–99), the recent Clinical Practice Guidelines for Physical Therapy Evaluation and Treatment after mTBI state time since injury should not independently drive decisions about rehabilitative care (100). As a consequence, an ideal RTD assessment should be based on the occupational or situational demands one will face and should be applicable to individuals at various times since injury with diverse symptomology. This study will address whether the proposed tests are suitable as a universal RTD assessment, regardless of time since injury or symptom presentation. Yet, it is possible that performance will vary based on these factors. We will probe these relationships and adjust our planned analyses as appropriate pending the distributions of our final sample.

Because of the large sample size, multisite design, and inclusion of both civilian and active duty military populations, the results of this study are generalizable and can be rapidly implemented into clinical practice. To translate the results of this study into clinical environments, we will (1) develop standardized administration manuals and scoring sheets for each turning task/outcome selected for clinical use and (2) make recommendations to integrate these training and administration materials into DoD professional development and training courses for rehabilitation specialists. To facilitate widespread implementation, we will publish all analysis algorithms and clinical protocols on freely available, open-access repositories. Finally, we plan to seek future funds to translate the analysis algorithms and protocols to ubiquitous mobile technologies (e.g., cell phones) that do not rely on relatively expensive and specialized commercial technologies.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Oregon Health and Science University IRB, University of Utah IRB, Allina Health IRB, U.S. Army Medical Research and Materiel Command (USAMRMC), Office of Research Protections (ORP), Human Research Protection Office (HRPO). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

PF, MW, LD, ML, JA, AS, HR, and LK contributed to the study design and procurement of funding. CH and LP contributed to the implementation of the protocol across sites. PF wrote the first draft of the manuscript. All authors contributed to editing and revising the manuscript.



FUNDING

This work was supported by the Assistant Secretary of Defense for Health Affairs endorsed by the Department of Defense, through the Congressionally Directed Medical Research Program under Award No. W81XWH1820049.



REFERENCES

 1. Eckner JT, Kutcher JS, Broglio SP, Richardson JK. Effect of sport-related concussion on clinically measured simple reaction time. Br J Sports Med. (2014) 48:112–8. doi: 10.1136/bjsports-2012-091579 

 2. Guskiewicz KM, Ross SE, Marshall SW. Postural stability and neuropsychological deficits after concussion in collegiate athletes. J Athl Train. (2001) 36:263–73.

 3. Guskiewicz KM, Marshall SW, Bailes J, Mccrea M, Cantu RC, Randolph C, et al. Association between recurrent concussion and late-life cognitive impairment in retired professional football players. Neurosurgery. (2005) 57:719–26; discussion. doi: 10.1227/01.NEU.0000175725.75780.DD

 4. Broglio SP, Puetz TW. The effect of sport concussion on neurocognitive function, self-report symptoms and postural control : a meta-analysis. Sports Med. (2008) 38:53–67. doi: 10.2165/00007256-200838010-00005

 5. Nordstrom A, Nordstrom P, Ekstrand J. Sports-related concussion increases the risk of subsequent injury by about 50% in elite male football players. Br J Sports Med. (2014) 48:1447–50. doi: 10.1136/bjsports-2013-093406

 6. Lynall RC, Mauntel TC, Padua DA, Mihalik JP. Acute Lower Extremity Injury Rates Increase after Concussion in College Athletes. Med Sci Sports Exerc. (2015) 47:2487–92. doi: 10.1249/MSS.0000000000000716

 7. Cross M, Kemp S, Smith A, Trewartha G, Stokes K. Professional Rugby Union players have a 60% greater risk of time loss injury after concussion: a 2-season prospective study of clinical outcomes. Br J Sports Med. (2016) 50:926–31. doi: 10.1136/bjsports-2015-094982

 8. Fino PC, Becker LN, Fino NF, Griesemer B, Goforth M, Brolinson PG. Effects of recent concussion and injury history on instantaneous relative risk of lower extremity injury in division i collegiate athletes. Clin J Sport Med. (2019) 29:218–23. doi: 10.1097/JSM.0000000000000502

 9. Fino PC, Wilhelm J, Parrington L, Stuart S, Chesnutt JC, King LA. Inertial Sensors Reveal Subtle Motor Deficits When Walking With Horizontal Head Turns After Concussion. J Head Trauma Rehabil. (2019) 34:E74–81. doi: 10.1097/HTR.0000000000000418

 10. Lynall RC, Mauntel TC, Pohlig RT, Kerr ZY, Dompier TP, Hall EE, et al. Lower Extremity Musculoskeletal Injury Risk After Concussion Recovery in High School Athletes. J Athl Train. (2017) 52:1028–34. doi: 10.4085/1062-6050-52.11.22

 11. Hettich T, Whitfield E, Kratz K, Frament C. Case report: use of the immediate post concussion assessment and cognitive testing (ImPACT) to assist with return to duty determination of special operations soldiers who sustained mild traumatic brain injury. J Spec Oper Med. (2010) 10:48–55.

 12. Scherer MR, Weightman MM, Radomski MV, Davidson LF, Mcculloch KL. Returning service members to duty following mild traumatic brain injury: exploring the use of dual-task and multitask assessment methods. Phys Ther. (2013) 93:1254–67. doi: 10.2522/ptj.20120143

 13. Riemann BL, Guskiewicz KM. Effects of mild head injury on postural stability as measured through clinical balance testing. J Athl Train. (2000) 35:19–25.

 14. Mccrea M, Guskiewicz KM, Marshall SW, Barr W, Randolph C, Cantu RC, et al. Acute effects and recovery time following concussion in collegiate football players: the NCAA Concussion Study. JAMA. (2003) 290:2556–63. doi: 10.1001/jama.290.19.2556

 15. Willer B, Leddy JJ. Management of concussion and post-concussion syndrome. Curr Treat Options Neurol. (2006) 8:415–26. doi: 10.1007/s11940-006-0031-9

 16. Scherer MR, Schubert MC. Traumatic brain injury and vestibular pathology as a comorbidity after blast exposure. Phys Ther. (2009) 89:980–92. doi: 10.2522/ptj.20080353

 17. Stalnacke BM. Community integration, social support and life satisfaction in relation to symptoms 3 years after mild traumatic brain injury. Brain Inj. (2007) 21:933–42. doi: 10.1080/02699050701553189

 18. Schiehser DM, Twamley EW, Liu L, Matevosyan A, Filoteo JV, Jak AJ, et al. The relationship between postconcussive symptoms and quality of life in veterans with mild to moderate traumatic brain injury. J Head Trauma Rehabil. (2015) 30:E21–28. doi: 10.1097/HTR.0000000000000065

 19. Russell K, Selci E, Chu S, Fineblit S, Ritchie L, Ellis MJ. Longitudinal assessment of health-related quality of life following adolescent sports-related concussion. J Neurotrauma. (2017) 34:2147–53. doi: 10.1089/neu.2016.4704

 20. Kleffelgaard I, Langhammer B, Hellstrom T, Sandhaug M, Tamber AL, Soberg HL. Dizziness-related disability following mild-moderate traumatic brain injury. Brain Inj. (2017) 31:1436–44. doi: 10.1080/02699052.2017.1377348

 21. Fino PC, Parrington L, Walls M, Sippel E, Hullar TE, Chesnutt JC, et al. Abnormal turning and its association with self-reported symptoms in chronic mild traumatic brain injury. J Neurotrauma. (2018) 35:1167–77. doi: 10.1089/neu.2017.5231

 22. Register-Mihalik JK, Littleton AC, Guskiewicz KM. Are divided attention tasks useful in the assessment and management of sport-related concussion? Neuropsychol Rev. (2013) 23:300–13. doi: 10.1007/s11065-013-9238-1

 23. Henry LC, Elbin RJ, Collins MW, Marchetti G, Kontos AP. Examining recovery trajectories after sport-related concussion with a multimodal clinical assessment approach. Neurosurgery. (2016) 78:232–41. doi: 10.1227/NEU.0000000000001041

 24. Henry LC, Tremblay S, De Beaumont L. Long-term effects of sports concussions: bridging the neurocognitive repercussions of the injury with the newest neuroimaging data. Neuroscientist. (2017) 23:567–78. doi: 10.1177/1073858416651034

 25. Radomski MV, Weightman MM, Davidson LF, Finkelstein M, Goldman S, Mcculloch K, et al. Development of a measure to inform return-to-duty decision making after mild traumatic brain injury. Mil Med. (2013) 178:246–53. doi: 10.7205/MILMED-D-12-00144

 26. Smith LB, Radomski MV, Davidson LF, Finkelstein M, Weightman MM, Mcculloch KL, et al. Development and preliminary reliability of a multitasking assessment for executive functioning after concussion. Am J Occup Ther. (2014) 68:439–43. doi: 10.5014/ajot.2014.012393

 27. Kelley AM, Ranes BM, Estrada A, Grandizio CM. Evaluation of the Military Functional Assessment Program: Preliminary Assessment of the Construct Validity Using an Archived Database of Clinical Data. J Head Trauma Rehabil. (2015) 30:E11–20. doi: 10.1097/HTR.0000000000000060

 28. Weightman MM, Radomski M, Finkelstein M, Mcculloch K. The Assessment of Military Multitasking Performance: Validation of a Dual-Task and Multitask Protocol. Minneapolis MN: Allina Health System (2015).

 29. Robitaille N, Jackson PL, Hebert LJ, Mercier C, Bouyer LJ, Fecteau S, et al. A Virtual Reality avatar interaction (VRai) platform to assess residual executive dysfunction in active military personnel with previous mild traumatic brain injury: proof of concept. Disabil Rehabil Assist Technol. (2017) 12:758–64. doi: 10.1080/17483107.2016.1229048

 30. Lieberman HR, Bathalon GP, Falco CM, Morgan CA 3rd, Niro PJ, Tharion WJ. The fog of war: decrements in cognitive performance and mood associated with combat-like stress. Aviat Space Environ Med. (2005) 76:C7–14.

 31. Palmer CJ, Bigelow C, Van Emmerik RE. Defining soldier equipment trade space: load effects on combat marksmanship and perception-action coupling. Ergonomics. (2013) 56:1708–21. doi: 10.1080/00140139.2013.832805

 32. Fino PC, Parrington L, Pitt W, Martini DN, Chesnutt JC, Chou LS, et al. Detecting gait abnormalities after concussion or mild traumatic brain injury: A systematic review of single-task, dual-task, and complex gait. Gait Posture. (2018) 62:157–66. doi: 10.1016/j.gaitpost.2018.03.021

 33. Imai T, Moore ST, Raphan T, Cohen B. Interaction of the body, head, and eyes during walking and turning. Exp Brain Res. (2001) 136:1–18. doi: 10.1007/s002210000533

 34. Hudson TE, Lackner JR, Dizio P. Rapid adaptation of torso pointing movements to perturbations of the base of support. Exp Brain Res. (2005) 165:283–93. doi: 10.1007/s00221-005-2313-y

 35. Solomon D, Vijay K, Jenkins RA, Jewell J. Head control strategies during whole-body turns. Exp Brain Res. (2006) 173:475–86. doi: 10.1007/s00221-006-0393-y

 36. Patla AE, Adkin A, Ballard T. Online steering: coordination and control of body center of mass, head and body reorientation. Exp Brain Res. (1999) 129:629–34. doi: 10.1007/s002210050932

 37. Bernardin D, Kadone H, Bennequin D, Sugar T, Zaoui M, Berthoz A. Gaze anticipation during human locomotion. Exp Brain Res. (2012) 223:65–78. doi: 10.1007/s00221-012-3241-2

 38. Raphan T, Imai T, Moore ST, Cohen B. Vestibular compensation and orientation during locomotion. Ann N Y Acad Sci. (2001) 942:128–38. doi: 10.1111/j.1749-6632.2001.tb03740.x

 39. Taylor MJ, Dabnichki P, Strike SC. A three-dimensional biomechanical comparison between turning strategies during the stance phase of walking. Hum Mov Sci. (2005) 24:558–73. doi: 10.1016/j.humov.2005.07.005

 40. Yamaguchi T, Yano M, Onodera H, Hokkirigawa K. Kinematics of center of mass and center of pressure predict friction requirement at shoe-floor interface during walking. Gait Posture. (2013) 38:209–14. doi: 10.1016/j.gaitpost.2012.11.007

 41. Fino P, Lockhart TE. Required coefficient of friction during turning at self-selected slow, normal, and fast walking speeds. J Biomech. (2014) 47:1395–400. doi: 10.1016/j.jbiomech.2014.01.032

 42. Courtine G, Schieppati M. Human walking along a curved path. I Body trajectory, segment orientation and the effect of vision. Eur J Neurosci. (2003) 18:177–90. doi: 10.1046/j.1460-9568.2003.02736.x

 43. Courtine G, Schieppati M. Tuning of a basic coordination pattern constructs straight-ahead and curved walking in humans. J Neurophysiol. (2004) 91:1524–35. doi: 10.1152/jn.00817.2003

 44. Xu D, Carlton LG, Rosengren KS. Anticipatory postural adjustments for altering direction during walking. J Mot Behav. (2004) 36:316–26. doi: 10.3200/JMBR.36.3.316-326

 45. Mancini M, El-Gohary M, Pearson S, Mcnames J, Schlueter H, Nutt JG, et al. Continuous monitoring of turning in Parkinson's disease: Rehabilitation potential. NeuroRehabilitation. (2015) 37:3–10. doi: 10.3233/NRE-151236

 46. Glaister BC, Bernatz GC, Klute GK, Orendurff MS. Video task analysis of turning during activities of daily living. Gait Posture. (2007) 25:289–94. doi: 10.1016/j.gaitpost.2006.04.003

 47. Davidson SP, Cain SM, Mcginnis RS, Vitali RR, Perkins NC, Mclean SG. Quantifying warfighter performance in a target acquisition and aiming task using wireless inertial sensors. Appl Ergon. (2016) 56:27–33. doi: 10.1016/j.apergo.2016.03.001

 48. Zaferiou AM, Ojeda L, Cain SM, Vitali RV, Davidson SP, Stirling L, et al. Quantifying performance on an outdoor agility drill using foot-mounted inertial measurement units. PLoS ONE. (2017) 12:e0188184. doi: 10.1371/journal.pone.0188184

 49. Lee H, Sullivan SJ, Schneiders AG. The use of the dual-task paradigm in detecting gait performance deficits following a sports-related concussion: a systematic review and meta-analysis. J Sci Med Sport. (2013) 16:2–7. doi: 10.1016/j.jsams.2012.03.013

 50. Fino PC, Nussbaum MA, Brolinson PG. Locomotor deficits in recently concussed athletes and matched controls during single and dual-task turning gait: preliminary results. J Neuroeng Rehabil. (2016) 13:65. doi: 10.1186/s12984-016-0177-y

 51. Weightman MM, Mcculloch KL, Radomski MV, Finkelstein M, Cecchini AS, Davidson LF, et al. Further Development of the Assessment of Military Multitasking Performance: Iterative Reliability Testing. PLoS ONE. (2017) 12:e0169104. doi: 10.1371/journal.pone.0169104

 52. Mcculloch K. Attention and dual-task conditions: physical therapy implications for individuals with acquired brain injury. J Neurol Phys Ther. (2007) 31:104–18. doi: 10.1097/NPT.0b013e31814a6493

 53. Fino PC. A preliminary study of longitudinal differences in local dynamic stability between recently concussed and healthy athletes during single and dual-task gait. J Biomech. (2016) 49:1983–8. doi: 10.1016/j.jbiomech.2016.05.004

 54. Fait P, Swaine B, Cantin JF, Leblond J, Mcfadyen BJ. Altered integrated locomotor and cognitive function in elite athletes 30 days postconcussion: a preliminary study. J Head Trauma Rehabil. (2013) 28:293–301. doi: 10.1097/HTR.0b013e3182407ace

 55. King LA, Mancini M, Priest K, Salarian A, Rodrigues-De-Paula F, Horak F. Do clinical scales of balance reflect turning abnormalities in people with Parkinson's disease? J Neurol Phys Ther. (2012) 36:25–31. doi: 10.1097/NPT.0b013e31824620d1

 56. El-Gohary M, Pearson S, Mcnames J, Mancini M, Horak F, Mellone S, et al. Continuous monitoring of turning in patients with movement disability. Sensors (Basel). (2013) 14:356–69. doi: 10.3390/s140100356

 57. Fino PC, Frames CW, Lockhart TE. Classifying step and spin turns using wireless gyroscopes and implications for fall risk assessments. Sensors (Basel). (2015) 15:10676–85. doi: 10.3390/s150510676

 58. Paul SS, Dibble LE, Walther RG, Shelton C, Gurgel RK, Lester ME. Characterization of head-trunk coordination deficits after unilateral vestibular hypofunction using wearable sensors. JAMA Otolaryngol Head Neck Surg. (2017) 143:1008–14. doi: 10.1001/jamaoto.2017.1443

 59. Paul SS, Walther RG, Beseris EA, Dibble LE, Lester ME. Feasibility and validity of discriminating yaw plane head-on-trunk motion using inertial wearable sensors. IEEE Trans Neural Syst Rehabil Eng. (2017) 25:2347–54. doi: 10.1109/TNSRE.2017.2740945

 60. Üstün TB, Chatterji S, Bickenbach J, Kostanjsek N, Schneider M. The international classification of functioning, disability and health: a new tool for understanding disability and health. Disabil Rehabil. (2003) 25:565–71. doi: 10.1080/0963828031000137063

 61. Control CFD. Report to Congress on Traumatic Brain Injury in the United States: Epidemiology and Rehabilitation. Atlanta, GA: National Center for Injury Prevention and Control (2014). p. 1–72.

 62. Defense ASO. Traumatic Brain Injury: Updated Definition and Reporting. Washington, DC: Department of Defense (2015).

 63. The Management of Concussion-mild Traumatic Brain Injury Working Group. VA/DoD Clincal Practice Guidelines for the Management of Concussion-Mild Traumatic Brain Injury. Version 2.0. (2016). p. 1–133. Available online at: http://www.healthquality.va.gov/guidelines/Rehab/mtbi/mTBICPGFullCPG50821816.pdf (accessed December 27, 2020).

 64. Association AP. Diagnostic and Statistical Manual of Mental Disorders. Association AP: Washington, DC (2013).

 65. Hachana Y, Chaabene H, Nabli MA, Attia A, Moualhi J, Farhat N, et al. Test-retest reliability, criterion-related validity, and minimal detectable change of the Illinois agility test in male team sport athletes. J Strength Cond Res. (2013) 27:2752–9. doi: 10.1519/JSC.0b013e3182890ac3

 66. Raya MA, Gailey RS, Gaunaurd IA, Jayne DM, Campbell SM, Gagne E, et al. Comparison of three agility tests with male servicemembers: Edgren Side Step Test, T-Test, and Illinois Agility Test. J Rehabil Res Dev. (2013) 50:951–60. doi: 10.1682/JRRD.2012.05.0096

 67. U.S.P.S. Association. USPSA Competition Rules. Burlington, WA: USPSA/IPSC Inc. (2019).

 68. Faul F, Erdfelder E, Lang A-G, Buchner A. G* Power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods. (2007) 39:175–91. doi: 10.3758/BF03193146

 69. Cicerone KD, Kalmar K. Persistent postconcussion syndrome: The structure of subjective complaints after mild traumatic brain injury. J Head Trauma Rehabil. (1995) 10:1–17. doi: 10.1097/00001199-199510030-00002

 70. Jacobson GP, Newman CW. The development of the dizziness handicap inventory. Arch Otolaryngol Head Neck Surg. (1990) 116:424–7. doi: 10.1001/archotol.1990.01870040046011

 71. Von Steinbuchel N, Wilson L, Gibbons H, Hawthorne G, Hofer S, Schmidt S, et al. Quality of life after brain injury (QOLIBRI): scale validity and correlates of quality of life. J Neurotrauma. (2010) 27:1157–66. doi: 10.1089/neu.2009.1077

 72. Wrisley DM, Marchetti GF, Kuharsky DK, Whitney SL. Reliability, internal consistency, and validity of data obtained with the functional gait assessment. Phys Ther. (2004) 84:906–18. doi: 10.1093/ptj/84.10.906

 73. Williams GP, Greenwood KM, Robertson VJ, Goldie PA, Morris ME. High-Level Mobility Assessment Tool (HiMAT): interrater reliability, retest reliability, and internal consistency. Phys Ther. (2006) 86:395–400. doi: 10.1093/ptj/86.3.395

 74. Williams G, Pallant J, Greenwood K. Further development of the High-level Mobility Assessment Tool (HiMAT). Brain Inj. (2010) 24:1027–31. doi: 10.3109/02699052.2010.490517

 75. Williams G, Hill B, Pallant JF, Greenwood K. Internal validity of the revised HiMAT for people with neurological conditions. Clin Rehabil. (2012) 26:741–7. doi: 10.1177/0269215511429163

 76. Mucha A, Collins MW, Elbin RJ, Furman JM, Troutman-Enseki C, Dewolf RM, et al. A Brief Vestibular/Ocular Motor Screening (VOMS) assessment to evaluate concussions: preliminary findings. Am J Sports Med. (2014) 42:2479–86. doi: 10.1177/0363546514543775

 77. Levinson DM, Reeves DL. Monitoring recovery from traumatic brain injury using automated neuropsychological assessment metrics (ANAM V1.0). Arch Clin Neuropsychol. (1997) 12:155–166. doi: 10.1093/arclin/12.2.155

 78. Blanchard EB, Jones-Alexander J, Buckley TC, Forneris CA. Psychometric properties of the PTSD Checklist (PCL). Behav Res Ther. (1996) 34:669–73. doi: 10.1016/0005-7967(96)00033-2

 79. Ruggiero KJ, Del Ben K, Scotti JR, Rabalais AE. Psychometric properties of the PTSD Checklist—Civilian version. J Trauma Stress. (2003) 16:495–502. doi: 10.1023/A:1025714729117

 80. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet. (1986) 1:307–10. doi: 10.1016/S0140-6736(86)90837-8

 81. Bland JM, Altman DG. Measuring agreement in method comparison studies. Stat Methods Med Res. (1999) 8:135–60. doi: 10.1191/096228099673819272

 82. Hurst H, Bolton J. Assessing the clinical significance of change scores recorded on subjective outcome measures. J Manipulative Physiol Ther. (2004) 27:26–35. doi: 10.1016/j.jmpt.2003.11.003

 83. Mccrea M, Barr WB, Guskiewicz K, Randolph C, Marshall SW, Cantu R, et al. Standard regression-based methods for measuring recovery after sport-related concussion. J Int Neuropsychol Soc. (2005) 11:58–69. doi: 10.1017/S1355617705050083

 84. Geurts AC, Ribbers GM, Knoop JA, Van Limbeek J. Identification of static and dynamic postural instability following traumatic brain injury. Arch Phys Med Rehabil. (1996) 77:639–44. doi: 10.1016/S0003-9993(96)90001-5

 85. Basford JR, Chou LS, Kaufman KR, Brey RH, Walker A, Malec JF, et al. An assessment of gait and balance deficits after traumatic brain injury. Arch Phys Med Rehabil. (2003) 84:343–9. doi: 10.1053/apmr.2003.50034

 86. Guskiewicz KM, Mccrea M, Marshall SW, Cantu RC, Randolph C, Barr W, et al. Cumulative effects associated with recurrent concussion in collegiate football players: the NCAA Concussion Study. JAMA. (2003) 290:2549–55. doi: 10.1001/jama.290.19.2549

 87. De Beaumont L, Mongeon D, Tremblay S, Messier J, Prince F, Leclerc S, et al. Persistent motor system abnormalities in formerly concussed athletes. J Athl Train. (2011) 46:234–40. doi: 10.4085/1062-6050-46.3.234

 88. Todis B, Glang A, Bullis M, Ettel D, Hood D. Longitudinal investigation of the post-high school transition experiences of adolescents with traumatic brain injury. J Head Trauma Rehabil. (2011) 26:138–49. doi: 10.1097/HTR.0b013e3181e5a87a

 89. Mccrea M, Guskiewicz K, Randolph C, Barr WB, Hammeke TA, Marshall SW, et al. Incidence, clinical course, and predictors of prolonged recovery time following sport-related concussion in high school and college athletes. J Int Neuropsychol Soc. (2013) 19:22–33. doi: 10.1017/S1355617712000872

 90. King LA, Horak FB, Mancini M, Pierce D, Priest KC, Chesnutt J, et al. Instrumenting the balance error scoring system for use with patients reporting persistent balance problems after mild traumatic brain injury. Arch Phys Med Rehabil. (2014) 95:353–9. doi: 10.1016/j.apmr.2013.10.015

 91. Fino PC, Nussbaum MA, Brolinson PG. Decreased high-frequency center-of-pressure complexity in recently concussed asymptomatic athletes. Gait Posture. (2016) 50:69–74. doi: 10.1016/j.gaitpost.2016.08.026

 92. Cossette I, Ouellet MC, Mcfadyen BJ. A preliminary study to identify locomotor-cognitive dual tasks that reveal persistent executive dysfunction after mild traumatic brain injury. Arch Phys Med Rehabil. (2014) 95:1594–7. doi: 10.1016/j.apmr.2014.03.019

 93. Kleffelgaard I, Roe C, Soberg HL, Bergland A. Associations among self-reported balance problems, post-concussion symptoms and performance-based tests: a longitudinal follow-up study. Disabil Rehabil. (2012) 34:788–94. doi: 10.3109/09638288.2011.619624

 94. Kleffelgaard I, Roe C, Sandvik L, Hellstrom T, Soberg HL. Measurement properties of the high-level mobility assessment tool for mild traumatic brain injury. Phys Ther. (2013) 93:900–10. doi: 10.2522/ptj.20120381

 95. King LA, Mancini M, Fino PC, Chesnutt J, Swanson CW, Markwardt S, et al. Sensor-Based Balance Measures Outperform Modified Balance Error Scoring System in Identifying Acute Concussion. Ann Biomed Eng. (2017) 45:2135–45. doi: 10.1007/s10439-017-1856-y

 96. Reneker JC, Hassen A, Phillips RS, Moughiman MC, Donaldson M, Moughiman J. Feasibility of early physical therapy for dizziness after a sports-related concussion: A randomized clinical trial. Scand J Med Sci Sports. (2017) 27:2009–18. doi: 10.1111/sms.12827

 97. Dobney DM, Grilli L, Kocilowicz H, Beaulieu C, Straub M, Friedman D, et al. Is There an Optimal Time to Initiate an Active Rehabilitation Protocol for Concussion Management in Children? A Case Series J Head Trauma Rehabil. (2018) 33:E11–E17. doi: 10.1097/HTR.0000000000000339

 98. Lawrence DW, Richards D, Comper P, Hutchison MG. Earlier time to aerobic exercise is associated with faster recovery following acute sport concussion. PLoS ONE. (2018) 13:e0196062. doi: 10.1371/journal.pone.0196062

 99. Lennon A, Hugentobler JA, Sroka MC, Nissen KS, Kurowski BG, Gagnon I, et al. An Exploration of the Impact of Initial Timing of Physical Therapy on Safety and Outcomes After Concussion in Adolescents. J Neurol Phys Ther. (2018) 42:123–31. doi: 10.1097/NPT.0000000000000227

 100. Quatman-Yates CC, Hunter-Giordano A, Shimamura KK, Landel R, Alsalaheen BA, Hanke TA, et al. Physical therapy evaluation and treatment after concussion/mild traumatic brain injury. J Orthop Sports Phys Ther. (2020) 50:CPG1–73. doi: 10.2519/jospt.2020.0301

Disclaimer:  The views expressed in this manuscript are those of the authors and do not necessarily represent the official policy or position of the Defense Health Agency, Department of Defense, or any other U.S. government agency. This work was prepared under Contract HT0014-19-C-0004 with DHA Contracting Office (CO-NCR) HT0014 and, therefore, is defined as U.S. Government work under Title 17 U.S.C.§101. Per Title 17 U.S.C.§105, copyright protection is not available for any work of the U.S. Government. For more information, please contact: DHA.TBICoEinfo@mail.mil.

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 Fino, Weightman, Dibble, Lester, Hoppes, Parrington, Arango, Souvignier, Roberts and King. 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/inline_1.gif
196°2





OPS/images/fneur-11-544812-t001.jpg
Primary outcome
Peak lumbar turning speed (rad - )"

Other objective turning outcomes
Head turning speed (rad - s™')"

Upper trunk turning speed (rad - s™')°
Head-body coordination timing (5)"

Peak head-pelvis angular
displacement/RoM (°)

Head turn symmetry
Cogni
Cognitive-task accuracy

DT outcomes

Number of correct responses per second

*These measures will involve assessment of both the mean and the variability (i.e., standard deviation).

Description

Assesses the peak angular rate of the pelvis measured in the

transverse plane

Assesses the peak angular rate of the head measured in the

transverse plane

Assesses the peak angular rate of the upper trunk (sternum)

measured in the transverse plane

Assesses the time difference between peak angular velocity of the
head and peak angular velocity of the trunk

Assesses the peak angular displacement between the head and
the trunk measured prior to or at the onset of trunk axial rotation
when turning, measured in the transverse plane

Assesses the ratio of left-to-right head-turn velocity

Assesses the percentage of cognitive task responses that are

correct in dual-task conditions

Assesses the overall number of correct responses, divided by the

overall time in seconds

Purpose

To assess whether the speed of reorientation changes
after mTBI

To assess differences in the peak angular rate of superior
body segments between people with mTBI and healthy
controls

To assess differences in head-body coordination during
tuming between people with mTBI and healthy controls

To compare whether cognitive performance when
tuming is impaired in people with mTBI
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Neurobehavioral symptom inventory

Dizziness handicap inventory
Quality of life after brain injury
Activities level, ICF

Clinical assessments of activities

Static sway (ML-RMS of sway)
Functional gait assessment (total score)

High level mobilty assessment tool (total score)

Body functions and structures level, ICF

Clinical assessments of body functions and
structures

Vestibular ocular motor screening (VOMS)

Automated neuropsychological assessment
metrics (ANAM)

Description

Assesses self-perceived symptoms associated with
mTBl

Assesses sel-perceived handicap imposed by dizziness
Assesses the effects of TBI on quality of ife

Assesses static postural stability
Assesses dynamic balance by measuring performance
on simple and complex gait tasks

Assesses dynamic balance by measuring performance
on rapid and challenging mobility tasks

Assesses ocular-motor function and the provocation of
symptoms

Assesses cognitive domains of attention, mermory,
reaction time, processing speed, and executive function

Purpose

To determine the criterion validity of objective measures
of DT turning with perceived handicap, symptom
severity, and quality of life

To assess the value of objective measures of DT turning
over current clinical assessments of activities

To compare the diagnostic accuracy of objective
measures of DT turning to current clinical assessments:
of body functions and structures
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