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SUMMARY 
We developed the original Dual Task Screen (DTS) as a portable, low-cost measure that can evaluate athletes with sports-induced mild traumatic brain injury. We revised the original DTS for future clinical use and developed a neuroimaging-compatible version of the DTS to measure neural underpinnings of single and dual task performance.

ABSTRACT 
Dual task paradigms simultaneously assess motor and cognitive abilities, and they can detect subtle, residual impairments in athletes with recent mild traumatic brain injury (mTBI). However, past dual task paradigms have focused solely on lower extremity skills and have relied on cumbersome, expensive laboratory equipment - thus limiting their practicality for everyday mTBI evaluation. Subsequently, we developed the Dual-Task Screen (DTS), which takes <10 minutes to administer and score, uses low-cost portable equipment, and includes lower extremity (LE) and upper extremity (UE) subtasks. The purpose of this manuscript was twofold. First, we describe the administration protocol for the revised Dual Task Screen (DTS), which we revised to address the limitations of the original DTS. Specifically, the revisions included additions of smart devices to acquire more detailed gait data and inclusion of single cognitive conditions to test for disrupted cognitive performance under dual task conditions. Importantly, the revised DTS is a measure intended for future clinical use, and we present representative results from three male athletes to illustrate the type of clinical data that can be acquired from the measure. Importantly, we have yet to evaluate the sensitivity and specificity of the revised DTS in athletes with mTBI, which is the next research initiative. The second purpose of this manuscript is to describe a neuroimaging-compatible version of the DTS. We developed this version so we could evaluate the neural underpinnings of single and dual task performance, for a better empirical understanding of the behavioral deficits associated with mTBI. Thus, this manuscript also describes the steps we took to enable simultaneous functional near-infrared spectroscopy (fNIRS) measurement during the DTS, along with how we acquired and completed first-level processing of the fNIRS data. 

INTRODUCTION 
Each year, 42 million people worldwide sustain mild traumatic brain injuries (mTBIs)1. Although once considered benign, new research indicates that mTBIs, particularly repeat mTBIs, can elicit lasting negative consequences, such as physical, cognitive, and sleep disturbances2-4. Subsequently, researchers and clinicians are seeking enhanced evaluations and treatment methods to understand and address mTBI. 

To date, best practice for mTBI evaluation includes self-reported symptoms and objective measurement of neurocognitive and motor function5. However, some individuals, like competitive collegiate-level athletes, are known to underreport mTBI-related symptoms6, limiting the utility of symptom reports. Objective neurocognitive and motor function measures also have limitations, including poor test-retest reliability, reliance on baseline testing, or insufficient difficulty for high-performing athletes7-9. However, dual task paradigms - which simultaneously assess motor and cognitive abilities - can detect subtle, residual impairments and may be particularly useful for evaluating high-performing athletes10-14. 

Past research using dual task paradigms have often incorporated cumbersome, expensive laboratory equipment, such as motion capture systems14, to evaluate high-performing athletes. While these systems can accurately measure subtle motor impairments, they are impractical for use in everyday mTBI evaluation due to high equipment cost, limited portability, and long administration times (i.e., ≥ 45 minutes per individual). Further, many past dual task paradigm studies focused solely on lower body or lower extremity skills, such as balance or gait11-14. Arguably, upper extremity function and hand-eye coordination is also important for high-performing athletes in many sports. Thus, we developed the Dual-Task screen (DTS), which is a brief measure designed to be administered and scored in <10 minutes with portable, low-cost instruments. This original DTS included a lower extremity (LE) and upper extremity (UE) subtask, which evaluated gait speed (using a stopwatch) and hand-eye coordination under single motor and dual task conditions15. 
 
In the first feasibility study, 32 healthy, female adolescent participants completed the original DTS. This study was designed to establish that the DTS could elicit dual task motor costs, as indicated by reduced motor performance during dual task vs. single motor conditions. We also sought to establish that the DTS could be administered and scored in fewer than 10 minutes. We found that all participants had poorer dual task motor performance on at least one subtask. Additionally, we were able to administer the DTS in an average of 5.63 minutes and score the test in 2-3 minutes15. 

Although the first feasibility study was successful, a few limitations were revealed. Most notably, gait speed was measured with stopwatches, which are prone to natural human error. Therefore, in the revised DTS we used smart devices with built-in accelerometers (Table of Materials) on each ankle. This addition maintained the use of portable, low-cost instruments while still providing sophisticated measures of gait speed, total number of steps, average step length, average step duration, and step duration variability. Another limitation of the original DTS was the absence of single cognitive conditions, which prevented evaluation of dual task cognitive costs. Dual task cognitive costs are defined as poorer cognitive performance during the dual task vs. single cognitive condition. Subsequently, for both the LE and UE subtasks, we added a single cognitive condition (described in Protocol).

In addition to developing a measure for future clinical use, one of the team’s long-term goals is to evaluate the neural underpinnings of single and dual task performance in healthy athletes and contrast those findings to athletes with sports-induced mTBI. Thus, we have created a neuroimaging-compatible version of the DTS. We seek to determine if the DTS can be successfully modified for use with simultaneous functional near-infrared spectroscopy (fNIRS) measurement, and we are using a mobile fNIRS device specifically designed to accommodate gross-motor movement by reducing the influence motion artifacts. Further, this device has the greatest amount of head coverage, to our knowledge, for mobile devices that are currently available for research purposes (Table of Materials). 

In summary, the study protocol is designed to do the following: 
1. Describe the administration protocol for the revised Dual Task Screen (DTS), which is a measure we redesigned to address the limitations of the original DTS15 and a measure intended for future clinical use. 
2. Describe the research protocol for the neuroimaging-compatible Dual Task Screen (DTS), which we have designed to evaluate the neural underpinnings of single and dual task performance. 

PROTOCOL

All study procedures were approved by the Institutional Review Board (IRB) at Colorado State University, and all adult participants provided written informed consent prior to completing any study procedures. Written informed consent was provided by parents of participants under 18, and minor participants also provided written assent prior to completing any study procedures.

1. Revised Dual Task Screen (DTS)

1.1 Lower Extremity (LE) Subtask

1.1.1 Start the single motor condition. 

1.1.1.1 [bookmark: _Hlk50631683]Place three yoga blocks in a horizontal position exactly 4.5 m apart along an 18 m walkway.

1.1.1.2 Firmly attach smart devices to each ankle to detect heel strikes and obtain gait characteristics. 

1.1.1.3 Begin video recording with a camcorder on a tripod.

1.1.1.4 Instruct participants to walk as quickly as possible while stepping over obstacles. The researcher rapidly taps both accelerometers to start the condition. 

1.1.1.5 Measure the time-to-complete with a hand-operated stopwatch. 

1.1.1.6 Stop video recording.

1.1.2 Start the single cognitive condition.

1.1.2.1 Tell the participant his/her allocated time for this condition, using the time-to-complete from his/her single motor condition (rounding up to a full second).

1.1.2.2 Begin video recording with a camcorder on a tripod.

1.1.2.3 Instruct participants to state as many words as they can that begin with a particular letter (A or F).

NOTE: Letters are counter-balanced between participants and between the single and dual task conditions. Numbers are counter-balanced between participants and between the single and dual task conditions. 

1.1.2.4 Stop video recording. 

1.1.3 Start the dual task condition.

1.1.3.1 Begin video recording with a camcorder on a tripod.

1.1.3.2 Instruct participants to walk as quickly as possible while stepping over obstacles while simultaneously stating as many words as the can that begin with a particular letter (A or F). The researcher rapidly taps both accelerometers to start the condition.

1.1.3.3 Measure the time-to-complete with a hand-operated stopwatch. 

1.1.3.4 Stop video recording.
 
1.2 Upper Extremity (UE) subtask

1.2.1 Start the single motor condition.

1.2.1.1 Measure a distance of 1.5 m away from a wall, mark with masking tape, and instruct the participant to stand behind the tape. 

1.2.1.2 Place a basket of tennis balls next to the participant.

1.2.1.3 Begin video recording with a camcorder on a tripod.

1.2.1.4 Instruct the participant to complete a wall-toss with alternating hands for 30 s. Tell the participant that if he/she fails to catch a ball, to acquire a new ball from the basket of tennis balls. Measure time elapsed with a stopwatch. 

1.2.1.5 Stop video recording. 

1.2.2 Start the single cognitive condition.

1.2.2.1 Begin video recording with a camcorder on a tripod.

1.2.2.2 Tell the participant that he/she will be asked to sequentially subtract by 7 from a given number (100 or 150) for 30 seconds. Measure time elapsed with a stopwatch. 

1.2.2.3 Stop video recording. 

 NOTE: Letters are counter-balanced between participants and between the single and dual task conditions. Numbers are counter-balanced between participants and between the single and dual task conditions. 

1.2.3 Start the dual task condition.

1.2.3.1 Ask the participant to stand 1.5 m away from a wall. 

1.2.3.2 Place a basket of tennis balls next to participant.

1.2.3.3 Begin video recording with a camcorder on a tripod.

1.2.3.4 Instruct the participant to complete a wall-toss with alternating hands for 30 seconds. Inform the participant that, while throwing and catching the balls, he/she will be asked to sequentially subtract by 7 from a given number (100 or 150) for 30 seconds. Tell the participant that if he/she fails to catch a ball, to acquire a new ball from the basket of tennis balls. Measure time elapsed with a stopwatch. 

1.2.3.5 Stop video recording. 

NOTE: Letters are counter-balanced between participants and between the single and dual task conditions. Numbers are counter-balanced between participants and between the single and dual task conditions. 

2. Neuroimaging-Compatible Dual Task Screen (DTS)

2.1 Set up the DTS

2.1.1.1 Place yoga blocks in a vertical position to mark the start and end of a 15 m walkway.

2.1.1.2 Place two yoga blocks in a horizontal position exactly 5 m apart along the 15 m walkway.

2.1.1.3 Measure and mark with masking tape a distance 1.5 m away from a smooth wall surface. 

2.1.1.4 Set up a tripod at the beginning of the 15 m walkway. 

2.2 Place the fNIRS device on participant’s head.

2.2.1 Measure the participant’s head circumference and select appropriately sized fNIRS cap (Table of Materials) with pre-placed optodes and short-channel detectors. 

2.2.2 Turn on a dedicated acquisition laptop and connect to the fNIRS device’s WiFi network.

2.2.3 Open the fNIRS acquisition software and select the fNIRS device.

2.2.4 Perform calibration to optimize light intensity and check optode signal levels. Signal levels should be acceptable or excellent.

2.2.5 Fix all optodes with less than acceptable signal level by removing the optode from the cap and parting the participant’s hair to ensure a direct connection of the optode to the participant’s scalp.

2.3 Place accelerometers on the participant’s ankles.

2.3.1.1 Firmly attach smart devices to each ankle to detect heel strikes and obtain gait characteristics. 

2.4 Begin LE subtask data acquisition.

2.4.1 Open the stimulus presentation software (Table of Materials).

2.4.2 Select the LE subtask file.

2.4.3 Ask the participant to sit in a chair in preparation for a 60 s quiet rest period.

2.4.4 Return to the fNIRS acquisition software and click the Start button to begin collecting fNIRS data. Enter subject ID_LE, age, and sex into the pop-up window and click Start. 

2.4.5 Return to the stimulus presentation software, inform the participant that quiet rest will begin, and press Space to start the 60 s rest period. 

2.4.6 At the end of the rest period, identify which LE Subtask condition (single motor, single cognitive, or dual task) has been selected for the 1st trial. Provide participant with instructions for that trial. 

2.4.6.1 Single Motor Instructions: Instruct the participant to walk as quickly as possible, while stepping over the obstacles, for 30 s. Tell participant that he/she will start when the primary researcher says “Start”. This will occur immediately after a secondary researcher taps the accelerometers. Instruct the participant that he/she should stop walking when the primary researcher says “stop.” Additionally, when the primary researcher says “stop,” the participant should put his/her feet together and remain as still as possible. At this time, the secondary researcher will tap the accelerometers a second time and place a marker (sticky note) on the floor where the participant stopped. 

2.4.6.2 Single Cognitive Instructions: Instruct the participant to remain standing at the start of the 15 m walkway. While standing, he/she will be asked to state as many words as possible that begin with a particular letter. 

2.4.6.3 Dual Task Instructions: Instruct the participant to walk as quickly as possible while stepping over the obstacles and simultaneously stating as many words as possible beginning with a particular letter. Inform him/her that he/she will also have 30 seconds for this condition. Tell participant that he/she will start when the primary researcher says “start”. This will occur immediately after a secondary researcher taps the accelerometers. Instruct the participant that he/she should stop walking when the primary researcher says “stop.” Additionally, when the primary researcher says “stop,” the participant should put his/her feet together and remain as still as possible. At this time, the secondary researcher will tap the accelerometers a second time and place a marker (sticky note) on the floor where the participant stopped. 
 
2.4.7 Begin video recording with a camcorder on a tripod. 

2.4.8 Press the Space bar to start the 1st trial. Monitor the 30 s timer on the stimulus presentation software; tell the participant to stop when 30 s have elapsed. 

2.4.9 Identify the 2nd trial and provide the participant with instructions. Repeat the process until the participant has completed 15 randomized trials of the LE Subtask.

2.4.10 Stop video recording. 

2.4.11 Inform the participant that he/she will complete another 60 s seated rest period. Once the participant is seated, press Start to begin the rest period. 

2.4.12 Following the rest period, exit out of the LE subtask file in the stimulus presentation software. Stop data acquisition in fNIRS data acquisition software, but do not exit the software. 

NOTE: Letters are randomized (by the stimulus presentation software) between trials and counter-balanced between participants and between single and dual task conditions. Letters are similar in level of difficulty and include: W, D, F, T, S, H, M, A, B, and P. Numbers are randomized (by the stimulus presentation software) between trials and counter-balanced between participants and between single and dual task conditions. Numbers included: 185, 225, 220, 175, 205, 165, 170, 180, 245, and 240.

2.5 Remove accelerometers from the participant’s ankles. Move to the section in the hallway designated for the UE Subtask. 

2.6 Begin UE subtask data acquisition.

2.6.1 Open the stimulus presentation software.

2.6.2 Select the UE subtask file.

2.6.3 Ask the participant to sit in a chair in preparation for a 60 s quiet rest period.

2.6.4 Return to the fNIRS acquisition software and click the Start button to begin collecting fNIRS data. Enter subject ID_UE, age, and sex into the pop-up window and click start. 

2.6.5 Return to the stimulus presentation software, inform the participant that the quiet rest period is about to begin, and press Space to start 60 s rest period. 

2.6.6 At the end of the rest period, identify which UE Subtask condition (single motor, single cognitive, or dual task) has been selected for the 1st trial. Provide the participant with instructions for that trial. 

2.6.6.1 Single Motor Instructions: Instruct the participant to stand 1.5 m away from a wall. Place a basket of tennis balls next to participant. Instruct the participant to complete a wall-toss with alternating hands for 30 s. Tell the participant that if he/she fails to catch a ball, to acquire a new ball from the basket of tennis balls. 

2.6.6.2 Single Cognitive Instructions: Instruct the participant to remain standing Tell the participant that he/she will be asked to sequentially subtract by 7 from a given number for 30 s.

2.6.6.3 Dual Task Instructions: Instruct the participant to complete a wall-toss with alternating hands for 30 s. Inform the participant that, while throwing and catching the balls, he/she will be asked to sequentially subtract by 7 from a given number2 for 30 s. Tell the participant that if he/she fails to catch a ball, to acquire a new ball from the basket of tennis balls. 

2.6.7 Begin video recording with a camcorder on a tripod. 

2.6.8 Press the Space bar to start the 1st trial. Monitor the 30 s timer on the stimulus presentation software; tell participant to stop when 30 s have elapsed. 

2.6.9 Identify the 2nd trial and provide the participant with instructions. Repeat the process until participant has completed 15 randomized trials of the UE Subtask.

2.6.10 Stop video recording. 

2.6.11 Inform the participant that he/she will complete another 60 s seated rest period. Once the participant is seated, press Start to begin the rest period. 

2.6.12 Following the rest period, exit out of the UE Subtask file in the stimulus presentation software. Stop the data acquisition in fNIRS data acquisition software, and then exit the software. 

2.7 Remove fNIRS cap from participant’s head. 

NOTE: Letters are randomized (by the stimulus presentation software) between trials and counter-balanced between participants and between single and dual task conditions. Letters are similar in level of difficulty and include: W, D, F, T, S, H, M, A, B, and P. Numbers are randomized (by the stimulus presentation software) between trials and counter-balanced between participants and between single and dual task conditions. Numbers included: 185, 225, 220, 175, 205, 165, 170, 180, 245, and 240.

REPRESENTATIVE RESULTS
Participants
Participants were recruited from local high school teams and university intercollegiate and club sports teams using word-of-mouth and advertising flyers. Participants were required to be between the ages of 15-22 and engage in regular participation in organized contact sports. Contact sports included all sports where physical contact with teammates or opponents is necessary during routine play. Participants also had to have normal or corrected vision and hearing, no history of neurological or psychiatric conditions, and no history of moderate or severe traumatic brain injury, per self-report. 

We included data from three healthy male contact-sport athlete participants (Mean Age: 18.0 ± 2.65 yrs.) to illustrate the type of clinical data that can be acquired from the revised DTS. Data from healthy, female contact-sport athletes will be included in another publication that is not strictly Methods-focused. 

Data Analysis for Revised DTS
Given the small number of participants included in the representative results, formal statistical analyses were not completed. However, for each participant, performance in the dual task condition was compared to performance in the single motor and single cognitive conditions; see below for the description of the performance metrics on both subtasks. 

Performance Metrics on the LE Subtask
Single motor condition performance was quantified by gait speed (m/s), total number of steps, average step length (m), average step duration (s), and variability of step duration (SD). These data were acquired with the built-in accelerometers on the smart devices we affixed to participants’ ankles. Single cognitive condition performance was measured by the total number of words produced without repetitions, represented as words/s to account for the varied amount of time allotted for this trial. Two trained research assistants watched a video tape of the single cognitive condition and were required to reach a consensus on the total number of words produced. Finally, dual task condition performance was measured by gait speed (m/s), total number of steps, average step length (m), average step duration (s), and average step duration variability (SD), and the total number of words produced without repetitions, represented as words/second. Two trained research assistants also watched a video tape of the dual task condition and were required to reach a consensus on the total number of words produced.

Dual Task Costs on the LE Subtask
For each participant, a dual task motor cost would be represented by the following changes in gait characteristics during the dual task condition compared to the single motor condition: slower gait speed, a greater number total number of steps, a smaller average step length, a longer average step duration, and a greater step duration variability. We observed that all three male participants had a dual task motor cost on the LE Subtask. Specifically, we saw slower gait speed, longer average step duration, and greater variability in step duration during dual, compared to single condition tasks; see Figure 1A. In contrast, two of three participants showed no changes in number of total steps or average step length between single motor and dual task conditions; see Figure 1A. 

For each participant, a dual task cognitive cost would be represented by fewer words generated in the dual task condition compared to the number of words generated in the single cognitive task condition. We observed dual task cognitive costs in two of three participants. Specifically, these participants generated fewer words during the dual task condition compared to the single task condition; see Figure 1B.

Performance Metrics on the UE Subtask
Single motor condition performance was measured by the total number of successful catches. Two trained research assistants watched a video tape of the single motor condition and were required to reach a consensus on the total number of successful catches. Single cognitive condition performance was measured by the total number of correct subtractions. Two trained research assistants watched a video tape of the single cognitive condition and were required to reach a consensus on the total number of correct subtractions. Subtraction errors were not cumulative (i.e., “100, 92, 85...” would be recorded as one error and one correct subtraction). Finally, dual task condition performance was measured by the total number of successful catches and total number of correct subtractions. Again, two trained research assistants watched a video tape of the single cognitive condition and were required to reach a consensus on the total number of successful catches and correct subtractions.

Dual Task Cost on the UE Subtask
For each participant, a dual task motor cost would be represented by fewer successful catches during the dual task condition compared to the number of successful catches made during the single motor condition. We found that all three male participants had a dual task motor cost. Specifically, they had fewer successful catches during the dual task condition compared to the single motor condition; see Figure 2A.

A dual task cognitive cost would be represented by fewer correct subtractions the dual task condition compared to the number of correct subtractions made during the single task condition. We observed dual task cognitive costs in two of three participants. Specifically, they had fewer correct subtractions during the dual task condition compared to the single task condition; see Figure 2B.

Data Analysis for Neuroimaging-Compatible DTS
fNIRS Device Specifications
We used a mobile functional near-infrared spectroscopy (fNIRS) system (Table of Materials). The system has 32 total optodes, 16 LED sources and 16 detectors, and a wireless acquisition device that participants wear on their backs. This device is uniquely equipped to accommodate gross motor movement, and has (to our knowledge) the greatest amount of head coverage for a mobile system. Using fNIRS we evaluated brain activity via the hemodynamic response using indices of oxygenated hemoglobin (HbO) during the neuroimaging-compatible DTS. 

fNIRS Head Probe
The head probe included 30 optodes (15 LED sources and 15 detectors) that were placed on the participant’s head using an fNIRS cap with built-in optode holders. We measured HbO by placing LED sources and detectors at the left and right motor cortex and two primary regions of the right-lateralized frontoparietal network16, right PFC and PPC, which we have identified with the 10-20 system17; see Figure 3. The LED sources shine near-infrared light into superficial cortical regions, and the detectors capture the refracted light, allowing us to calculate HbO values at each channel, or intersection of source and detector. Additionally, we include eight short separation detectors, which measure scalp perfusion, a nuisance variable that will be regressed out of the raw fNIRS data18,19.

Block Design for fNIRS Acquisition
Both the LE and UE subtasks were converted into a block design. Both subtasks started and ended with a 60 s seated rest period to acquire baseline hemodynamic activity. Rest was followed by 15 randomized blocks (5 single motor condition blocks, 5 single cognitive condition blocks, and 5 dual task condition blocks) that were 30 s in duration, totaling 7.5 minutes of total data collection for each subtask. Between each of the 15 condition blocks, there was a variable resting interval of approximately 6-8 s to allow the participants’ hemodynamic response to return to baseline; see Figure 4. 

FNIRS Data Reduction and First-Level (Single-Subject) Analysis: Raw fNIRS data are uploaded into a proprietary programming language and numerical computing environment (Table of Materials). Channels created with short separation detectors are labeled for later regression. Default stimuli values, which were generated by the stimulus presentation software, are renamed to identify DTS blocks (e.g., single motor, single cognitive, dual motor). Next, stimulus duration parameters are set to 30 seconds for all DTS blocks and 60 s for rest periods. Basic processing is then completed using steps from a non-proprietary toolbox that is compatible with the numerical computing environment. These steps include calculating optical density and then recalculating optical density values given data from the short separation channels20. Next, optical density is converted to hemoglobin values (deoxygenated hemoglobin, oxygenated hemoglobin, and total hemoglobin) using the modified Beer Lambert Law21. Following conversion, an autoregressive model algorithm is run, which includes regression of short separation channel data. Parameters for the autoregressive algorithm are set to follow a Canonical model22. Finally, individual data can be visualized using condition contrasts (e.g. Dual vs Single); see Figure 5.

FIGURES AND TABLES

Figure 1. LE Subtask Performance during Single vs. Dual Task Conditions
(A) All three participants had slower gait speed, longer average step duration, and greater variability in step duration during the dual task condition compared to the single task condition, which represents a dual task motor cost on the UE subtask. Two of three participants showed no changes in number of total steps or average step length between dual and single task conditions. (B) Two of three participants generated fewer words during the dual task condition compared to the single task condition, which represents a dual task cognitive cost on the LE subtask. 

Figure 2. UE Subtask Performance during Single vs. Dual Task Conditions
(A) All three participants had fewer successful catches during the dual task condition compared to the single task condition, which represents a dual task motor cost on the UE subtask. (B) Two of three participants had fewer correct subtractions during the dual task condition compared to the single task condition, which represents a dual task cognitive cost on the UE subtask. 

Figure 3. FNIRS Head Probe
The fNIRS head probe included 15 LED sources (red circles) and 15 detectors (white circles) which were placed at the left and right motor cortex and right prefrontal cortex (PFC) and right posterior parietal cortex (PPC). This allowed us to calculate oxygenated hemoglobin (HbO) values at each channel, or intersection of source and detector.

Figure 4. Block Design for fNIRS Acquisition
For the neuroimaging compatible version of the DTS, the LE and UE subtasks were converted into a block design. Both subtasks started and ended with a 60 second seated rest period to acquire baseline hemodynamic activity. Rest was followed by 15 randomized blocks (5 single motor condition blocks, 5 single cognitive condition blocks, and 5 dual task condition blocks) that were 30 seconds in duration. 

Figure 5. Single Subject fNIRS Data
This is a depiction of single subject fNIRS data using condition contrasts. This image contrasts oxygenated hemoglobin (HbO) during the Dual Task vs Single Motor Task from the LE subtask. 

DISCUSSION
In this manuscript, we described the administration protocol for the newly revised Dual Task Screen (DTS). These revisions were completed to address limitations identified in the original DTS15 and included the addition of single cognitive conditions to test for dual task cognitive costs. It also included smart-device based accelerometry to more precisely measure gait characteristics. We included representative results which illustrate the type of clinical data that can be acquired with the DTS. We also described the research protocol for the neuroimaging-compatible Dual Task Screen (DTS), which we have designed to evaluate the neural underpinnings of single and dual task performance. The neuroimaging modality we selected was a portable functional near-infrared spectroscopy (fNIRS) device that accommodates gross motor movement by reducing the influence of motion artifacts18,19. To create a neuroimaging-compatible version, we had to convert the DTS to a block design. The block design required five repetitions, or blocks, of the single motor, single cognitive, and dual task conditions. This required use of novel cognitive stimuli (e.g., numbers and letters) of equivalent difficulty for each trial. 

The addition of accelerometers was the most challenging addition to the revised DTS, as this required that we mark precisely when the obstacle walk was initiated on both of the smart devices. We simultaneously tapped the smart devices/accelerometers, prior to the participants’ first step, to create an artifact spike in the acceleration data. We also videotaped the participants’ walking, so we could match their heel strikes in the video with the heel strikes recorded by the accelerometers. 

The majority of the troubleshooting, however, was completed to create a neuroimaging-compatible version of the DTS. The first obstacle we encountered was finding stimulus presentation software that could wirelessly interface with the neuroimaging acquisition software. Unlike computer-based tasks, the participant did not need to see which condition was about to occur, but the researcher had to see the conditions in order to provide instructions. Further, this stimulation software had to interface seamlessly with the acquisition software, to mark the conditions that were occurring. This is necessary for future segmentation and averaging of the neuroimaging data across all five blocks of each condition. We successfully identified a stimulus presentation software which interfaced with the fNIRS data acquisition software via a lab streaming layer. This allowed us to use both programs simultaneously. The next obstacle we encountered was modifying the DTS to a block-design, where each block was 30 seconds in duration, which is necessary for optimal fNIRS data quality. Additionally, we needed to include rest periods at the beginning and end of each subtask to measure baseline brain perfusion, due to known inter-subject variability in brain perfusion23, particularly after mTBI24. Further, we needed to add 6-10 s transition periods between blocks to allow participants’ brain activity to return to baseline. Finally, we determined that we needed to randomize the block order and counter-balance letter and number stimuli, for the cognitive tasks, to reduce practice effects and avoid neural habituation. The most challenging task to modify to a 30 s block design was the obstacle walk in the LE subtask. Prior to modification, this was an 18 m obstacle walk, and the duration was the time it took for participants to complete it. To change the 18 m walk to a 30-second block, we asked participants to repeat a 15 m walk with two obstacles (instead of three) until time was called. At the end of the 30 s block we placed a temporary marker (sticky notes) on the floor where the participant stopped. This allowed us to precisely measure the walked distance and calculate gait speed in m/s. Finally, in the stimulus presentation software, we added a video of a 30 s timer for each block, so the researcher could visualize the neuroimaging software and the duration of each block simultaneously on a laptop computer and provide verbal cues (e.g. “start” and “stop”) to the participant for the beginning and end of each block. 

In the representative results, we found that the following gait characteristics showed dual task motor costs on the LE subtask: gait speed, average step duration, and variability in step duration. In contrast, total steps and average step length did not appear to show dual task motor costs, as two of three participants showed no changes on these metrics. This may represent a limitation of those metrics or the accelerometers. It could also be a result of only including representative data from three participants, although we had hoped to see dual task motor costs in 100% of participants, regardless of sample size. Even though the heel strike data from the smart devices provided detailed and precise data, a significant limitation, at present, is the amount of time and expertise it takes to process and interpret these data (up to 1.25 hours/participant). Ideally, we would like this processing and interpretation to take fewer than 10 minutes and require little-to-no prior training. We need to develop an app to streamline this processing. Additionally, although we observed consistent dual task motor costs in the representative athletes, we found that one participant did not demonstrate a dual task cognitive cost on the LE subtask and a different participant did not demonstrate a dual task cognitive cost on the UE subtask. Preferably, the method would elicit a dual task cognitive cost on both subtasks in all participants (regardless of the sample size), which may suggest a need for more challenging cognitive tasks. Alternatively, this finding may suggest that cognitive abilities are less susceptible to dual task interference and we should focus on dual task perturbations in motor performance. 

The initial goal of the work was to develop a practical, sensitive tool that can improve evaluation and treatment of mTBI. In contrast to many of the dual task paradigms used in past work14, the original DTS and revised DTS use portable, inexpensive equipment, and most conditions are easy to score with no prior training. Additionally, we included a novel evaluation of upper extremity function, specifically hand-eye coordination, while previous work focused solely on lower limb or lower extremity abilities11-14. Thus, the method has significant potential to contribute to mTBI evaluation protocols, as it could be administered in a variety of environments (e.g., rehabilitation centers, doctor’s offices, gymnasiums, and athletic training rooms) for a wide-range of competitive athletes. Ultimately, we need to determine that the DTS is sensitive to effects of sports-induced mTBI, but the steps we have taken thus far suggest that the DTS administration protocol is a practical way to elicit dual task effects in high-performing athletes. 

To date, mTBI evaluation is limited to self-reported symptoms and objective measures that have poor test-retest reliability, rely on baseline testing or are not challenging enough for high-performing athletes7-9. The DTS includes challenging tasks that evaluate both lower and upper extremity performance. Currently, we have not established that the DTS is sensitive to effects from mTBI, but we are in the process of collecting those data. Additionally, we seek to better understand the neural underpinnings of single and dual task behavior in healthy athletes and those with sports-induced mTBI by using the newly-created neuroimaging-compatible DTS. This understanding will serve to help us further refine the evaluation methods, like the DTS, and provide insight into optimal treatment paradigms.
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