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Background: Integrated movement and cognitive load paradigms are used to expose impairments associated with concussion and musculoskeletal injury. There is currently little information on the discriminatory nature of dual-task complexity and the relative influence of physical exertion on cognitive outcomes.

Purpose: Assess cognitive performance while under motor conditions of increasing complexity before and after a standardized exercise protocol.

Methods: 34 participants were recruited (17 male and 17 female; 24 ± 1.4 yrs). A modified Eriksen flanker test was used to assess cognitive performance under four conditions (seated, single-leg stance, walking, and lateral stepping) before and after a 20-min moderate-to vigorous intensity treadmill protocol. The flanker test consisted of 20 sets of 5-arrow configurations, appearing in random order. To complete the response to cognitive stimulus, participants held a smartphone horizontally and were instructed to respond as quickly and as accurately as possible by tilting the device in the direction corresponding to the orientation of the middle arrow. The metrics used for analysis included average reaction time (ms), inverse efficiency index (average reaction time penalized for incorrect responses), and conflict effect (the average time cost of responding to an incongruent repetition vs. a congruent repetition). Mixed effects (condition by time) RMANOVAs were conducted to examine the effects of motor task complexity and physical exertion on cognitive performance.

Results: There was a condition by time interaction for inverse efficiency index (p < 0.001), in which participants displayed higher cognitive efficiency for the pre-activity lateral stepping condition compared to the other three conditions (Cohen's d = 1.3–1.6). For reaction time and conflict effect, there were main effects for condition (p = 0.004 and 0.006, respectively), in which performance during lateral stepping was improved in relation to the seated condition (reaction time Cohen's d = 0.68; conflict effect Cohen's d = 0.64).

Conclusion: Participants tended to display better dual-task cognitive performance under more stimulating or complex motor tasks before physical exertion, likely associated with the inverted-U arousal-performance relationship. When using dual-task assessments, clinicians should be mindful of the accompanying motor task and baseline exertion levels and their potential to disrupt or optimize cognitive performance.
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Introduction

Dual-task assessments are frequently used to identify deficits in cognitive performance associated with concussion and musculoskeletal injury risk (1–3). Dual-task paradigms involve two behaviors performed concurrently, most often a cognitive task paired with a motor task. Dual-task assessments are supported by the capacity model of attention (4), which posits that a person has a finite pool of attentional resources to manage cognitive demands. When the cognitive demand of one activity rises sufficiently it creates a bottleneck, causing the performance of the secondary task to suffer. Cognitive-motor tasks are highly relevant to sport activity. Athletes must simultaneously process stimuli, make decisions, and quickly and efficiently execute movements. For example, a basketball point guard often must concurrently predict a defender's next movement and handle the basketball while attempting to integrate into an offensive scoring strategy. Despite the applicability of cognitive-motor dual tasks to critical sport scenarios, much of the existing research in sport has been largely conducted under single-task conditions (e.g., a drop vertical jump or sidestep maneuver), though some recent work has transitioned toward the inclusion of dual-task scenarios (5).

Existing dual-task literature robustly examines the influence of cognitive load on motor task performance under a variety of conditions. This seems to be justified as deficits in motor outcomes may be more sensitive to identifying those who are at high risk of injury. However, the effects of various motor tasks on cognitive performance has gone largely underappreciated, despite potentially unique interactions that may better characterize complex sport scenarios (6). For example, a systematic review and meta-analysis (7) captured the detrimental effect of a dual task on gait in individuals who sustained sports related concussions. While this provides valuable information for understanding possible cognitive-motor impairments that are exposed by cognitive load, it does not elucidate the reciprocal effect, namely that of motor output on cognition. We believe that it is vital to understand the bidirectional relationship between motor output and cognition. Dynamic sporting activities involves a complex interplay of perceptual, cognitive and motor systems (8); however, these systems are often studied in isolation or in a unidirectional fashion (e.g., cognitive influence on motor behavior).

Understanding the conditions under which participants prioritize the cognitive or the motor component of a dual-task is critical for incorporation of dual-tasks into testing and training interventions that are appropriately representative of real on-field scenarios. On the one hand, a participant performing a relatively simple or familiar motor task may possess ample capacity to expertly complete a difficult cognitive task, but as the motor task becomes more challenging, cognitive performance may decline as the participant exhausts their remaining attentional and information processing resources. The Inverted-U hypothesis states that performance is greatest when arousal is at a moderate, optimum level (9). This hypothesis suggests that cognitive performance may increase with the difficulty of the motor task, to a point, and then begin to decline as the complimentary motor task increases with complexity.

Similarly, physical exertion has been demonstrated to improve cognition both chronically and following acute bouts (10). Greater amounts of lifestyle physical activity are associated with improvements in cognition across performance categories including academic achievement, processing speed, memory, executive function, and risk of dementia (11). Acutely, research shows a small but consistent improvement in cognition following a single bout of physical activity (12). The acute effect of activity is time- and intensity-dependent with the strongest impact on cognition appearing from 11 to 20 min after cessation of moderate physical activity (12–15). The relationship between physical activity and improved cognition is theorized to occur by increased arousal level. In agreement with the inverted-U hypothesis, the strongest effect on single-task cognition results from moderate-intensity exercise, with smaller effects for light- and vigorous-intensities (13, 15).

There is currently sparse literature on the most appropriate design of dual-task assessments that assess the influence of motor task on cognitive performance, especially those that aim to manipulate arousal. Therefore, the purpose of this study was to assess cognitive performance while under motor conditions of varying complexity before and after a standardized exercise protocol. Our primary hypothesis was that a moderate-to-vigorous level of physical exertion would alter the arousal-performance relationship, such that optimum cognitive performance would be observed after exercise. Secondarily, we hypothesized that the effect of exercise would differ between various levels of motor difficulty, a possible example of which is depicted in Figure 1.


[image: Figure 1]
FIGURE 1
 Depiction of hypothesized relationship between motor condition and cognitive performance before and after treadmill protocol. We hypothesize that physical exertion will shift the arousal-performance curve to the left relative to dual-tasking complexity.




Materials and methods

Thirty-four young healthy participants (24.03 ± 1.44 yrs) were recruited from graduate athletic training, physical therapy, and occupational therapy programs (17 females: 165.3 ± 7.1 cm, 64.9 ± 12.2 kg; 17 males: 178.7 ± 5.8 cm, 79.7 ± 12.1 kg) for a single session cross-sectional study. To maintain a sample with homogenous motor task ability, participants were excluded if they reported any persisting symptoms from any lower extremity musculoskeletal injury, any prior history of concussion, or age >30 years. All participants provided written informed consent approved by the university's Institutional Review Board.

The flanker task was chosen because simple manual tests of reaction time and response latency to visual stimuli do not appear to engage high-level “executive control” processes involving working memory, selective attention, decision-making, and response inhibition (16). The “flanker test” is used to quantify the slowing effect of visual distractors on response selection, which has been related to neural correlates of impaired executive function through functional magnetic resonance imaging (17–20), diffusion tensor imaging (21, 22), and electroencephalography (23–28). Previous research has demonstrated good test-retest absolute agreement on different days for both reaction time (ICC = 0.80) and response accuracy (ICC = 0.70) when administered on the smartphone (29). The flanker task (30) (Figure 2) was measured under four conditions both before and after a treadmill exercise protocol. Flanker testing was conducted via a smartphone application, details of which have been reported elsewhere (29). Participants were presented sequentially with a total of 20 5-arrow displays, each consisting of five arrows arranged horizontally across the smartphone screen. There were four possible arrow configurations: two congruent (< < < < < or > > > > >) and two incongruent (< < > < < or > > < > >). Each set contained 10 congruent and 10 incongruent arrow sets, randomly ordered in all conditions. Each display appeared for 300 milliseconds and displays were separated by an inter-stimulus interval randomly ranging from 500 to 1,500 milliseconds. Participants were instructed to keep their elbows at their sides and attend to the middle arrow in each display and tilt the phone as rapidly as possible in the direction corresponding to the middle arrow, a motion requiring ~20° of elbow flexion or extension. Participants were given a 10-repetition familiarization trial to ensure proper performance of the task. The flanker task was performed under four conditions in sequential order: seated with elbows at the side, single-leg standing on the self-selected dominant limb, walking at a self-selected pace over ground, and lateral stepping to the right at a self-selected pace over ground. The same order was performed for each participant.
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FIGURE 2
 Depiction of smartphone flanker test.


Following baseline dual-task assessment, participants completed a treadmill protocol that was designed to impose a moderate-to-vigorous intensity aerobic demand, such as would be experienced in a practice or game and was not intended to induce a fatigued condition. The 20-min treadmill protocol consisted of a 5 min warmup, followed by a self-selected pace such that each participant attained a rating of perceived exertion (RPE) (31) of 15–18 for the final 12 min of the 20-min bout, as determined by self-report at each minute of the protocol (32). Following the exertional treadmill protocol, participants rested for ~10 min prior to completion of post-exercise dual-task assessments.


Statistical approach

We derived three outcome measures from each flanker test. Reaction time, recorded in milliseconds, represented the average time from the appearance of a set of arrows until the participant tilted the smartphone at a velocity of at least 115 degrees per second. Inverse efficiency index combines the reaction time measure with a penalty for incorrect responses and represents the speed-accuracy tradeoff of the flanker task [reaction time + (1- accuracy proportion) × reaction time]. Conflict effect represents the average difference between reaction time for incongruent responses and congruent responses (incongruent average reaction time – congruent average reaction time). For all outcome measures, higher scores indicated poorer performance.

Data normality was assessed through visual inspection of histograms. Sphericity was assessed and corrected as needed with Greenhouse-Geisser corrections. Three 4x2 (condition by time) repeated-measures ANOVAs were conducted, one for each outcome measure. Tukey's post-hoc tests were used as appropriate. Effect sizes were computed with [image: image] and Cohen's d to support interpretation. A priori alpha was set at p < 0.05. All statistical analyses were conducted in JASP (33).




Results

Descriptive statistics for each flanker test variable are detailed in Tables 1–3. Data were not normally distributed and Greenhouse Geisser adjustments were used for all F testing. Gait speed during the walking and lateral stepping tasks were similar before and after exertional treadmill protocol (p = 0.80 and 0.23, respectively).


TABLE 1 Means and standard deviations for reaction time flanker variable for all motor conditions before and after exercise.

[image: Table 1]


TABLE 2 Means and standard deviations for inverse efficiency index flanker variable for all motor conditions before and after exercise.
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TABLE 3 Means and standard deviations for conflict effect flanker variable for all motor conditions before and after exercise.

[image: Table 3]

For reaction time, we observed a condition main effect (Greenhouse-Geisser corrected; F2.011 = 6.1, p = 0.004; [image: image] = 0.16), wherein lateral stepping was 16.2–20.7 ms faster than during the other three conditions (Cohen's d range = 0.30–0.39) (Figure 3A).


[image: Figure 3]
FIGURE 3
 (A–C) Graphical representation of motor condition by pre-post activity repeated measures ANOVA results. Bars represent standard error.


For inverse efficiency index, we observed a condition by time interaction (Greenhouse-Geisser corrected; F2.617 = 27.5, p < 0.001; [image: image] = 0.45) and a condition main effect (Greenhouse-Geisser corrected; F2.2 = 15.0, p < 0.001; [image: image] = 0.31). During pre-activity lateral stepping, participants displayed a lower inverse efficiency index value compared to the other motor three conditions (483.8 ± 61.0 v. 561.5 ± 56.7 – 580.0 ± 53.7; Cohen's d range = 1.3–1.6) (Figure 3B).

For conflict effect, we observed a condition main effect (Greenhouse Geisser corrected; F2.6 = 4.7, p = 0.006; [image: image] = 0.13), wherein participants displayed 28.8 ms lesser conflict effect during lateral stepping compared to the seated condition (Cohen's d = 0.56) (Figure 3C).



Discussion

Our primary hypothesis that optimum cognitive performance would be achieved after exercise was not supported, though we did observe trends which warrant further investigation into this theory. In general, our treadmill protocol negated pre-activity differences in cognitive performance between conditions (Figures 3A–C). Our second hypothesis, that cognitive performance would differ between various levels of motor difficulty, was supported. Specifically, the lateral stepping task displayed divergent cognitive performance. During pre-activity testing in particular, participants consistently displayed superior reaction time metrics when stepping to their right at a self-selected pace; an effect negated by the treadmill protocol.

Assessment of executive function is typically done in a rested state, but performance metrics acquired at rest only weakly associate with those acquired during moderate-intensity exercise (34). Thus, we aimed to assess the influence of a 20-min treadmill protocol on discriminatory reaction time metrics. Exercise mode, duration, and intensity are all important factors in the impact of exercise on cognition. Although both cycling and running use the aerobic energy system, cycling may produce stronger effects on cognition than does running (13), while the effects of resistance- and circuit-training on cognition are largely unexplored. The largest benefits to cognition appear in fit individuals who perform 20 min or more of physical activity (12). This suggests that the 20-min physical activity bout used in the current study was likely sufficient to induce cognitive improvements but that longer activity bouts should also be examined in the future. However, our divergent results may be explained by performing the post-exertion cognitive tasks with concurrent motor demands, as opposed to the previously reported single-task paradigm, that may have oversaturated the system/negated the robust effects of ~20 min moderate intensity exercise on cognition. Though we did observe slight, non-significant improvements in seated, single-leg stance, and walking dual-tasking from pre- to post-activity, there was appreciable worsening for the lateral stepping condition. It is possible that participants' task-related motivation levels may explain these findings by directly (or indirectly) altering adopted learning strategies (35). Task-related release of norepinephrine and dopamine is further believed to modulate brain activity in attention and information processing networks (13), which in turn is thought to drive motivation (36, 37). Though, we did not assess participants' motivation, it is possible that our participants were not engaged in the treadmill protocol to levels that would increase motivation and thus lead to detectable improvements across conditions (i.e., was not perceived as challenging enough). Alternatively, it is possible that our treadmill protocol was too fatiguing, or overstimulating, and thus hindered participant motivation to maintain cognitive performance during lateral stepping. In the current study, participants attained an RPE of 15.7 by minute 9 of the treadmill protocol, increasing to 16.5 by minute 20. An RPE of 17 is classified as “very hard” (31), and thus participants may have been too fatigued to maintain cognitive performance during the lateral stepping task.

The amount of time that elapses between the cessation of physical activity and assessment of cognitive tasks may also influence findings. A meta-analysis by Chang et al. (12) found that as exercise intensity increases, so does its effect on cognitive performance. Additionally, while performance was improved immediately after exercise for very light, light, and moderate intensity exercise, the impact on performance was greater after a delay of at least 11 min. In general, effects of physical activity began to subside following a delay of more than 20 min. These findings were corroborated by Yuxin et al. (38) who found that executive function was greatest after 10 min of rest, compared to pretest and immediately after exercise for high-intensity cycling and running as well as for moderate-intensity cycling. However, others have found larger benefits of exercise on reaction time following rest periods approaching 1 h, compared to rest of only 10 min (39). Tests of cognitive performance in the current study were evaluated 10- to 15-min following the cessation of physical activity. While this is a common measurement window for studies of exercise and impacts on cognitive performance (40, 41), further research is needed to clarify the timeline of changes in cognition following an acute bout of exercise.

We chose to study the motor tasks of sitting, single-leg stance, walking, and lateral stepping because it was thought these tasks would result in differing arousal levels, and thus result in varying cognitive performance. The inverted-U relationship between arousal and performance is a well-studied phenomenon that is thought to regulate cortical neural output per unit of sensory input (42, 43). Nevertheless, we did not observe differences between the seated, single-leg stance, or walking conditions, as demonstrated by repeated measures. It is possible these tasks were too familiar to the participants and did not cause enough arousal for improved performance. Interestingly, the lateral stepping task did elicit superior reaction time metrics for the pre-activity trial. The participants were required to tilt the phone quickly toward either the right or the left while also stepping in a rightward direction, though steps and phone tilts did not necessarily occur in-phase to one another. It is possible that the similarity in required motor behavior between the lateral stepping task and the flanker task did not impose the same bottleneck that may have suppressed cognitive performance on the other tasks. One potential neuromuscular explanation for this is that a common synergy (i.e., a single sensorimotor subsystem) (44) was required to complete both the flanker and lateral stepping task while the other task combinations required the recruitment of more heterogeneous neuromuscular components. There is some evidence that fatigue can alter synergy structure (45), so it is possible that whatever shared neuromuscular basis existed for the lateral stepping and flanker tasks was perturbed by exertion on the treadmill, resulting in a reduction of the difference in task performance. Furthermore, reaction time may be separated into pre-motor time (PMT) and motor time (MT) to separate stimulus identification and response selection (PMT) from the time to execute a chosen response (MT). A review examining these factors separately found that PMT measured during the Flanker test decreased after an acute bout of physical activity, but MT did not change significantly (46). Thus, it is reasonable that worsening of lateral stepping cognitive performance was due to alterations in PMT brought on by the exertional protocol.

Emerging evidence suggests that perceptual-cognitive capabilities are important for optimal motor control, supporting dual-task assessments that simultaneously administer perceptual-cognitive and motor tasks (47). The Eriksen flanker test is a measure of discriminatory choice reaction time and is widely accepted as a valid behavioral representation of “executive function” (17, 19, 48, 49), which collectively refers to interrelated neural processes associated with generation of goal-directed responses to sensory inputs (50). This is contrary to measures of responses to simple visual stimuli (i.e., simple reaction time), which have not been associated with activity-related change (51, 52). An additional advantage of a discriminatory cognitive task such as the flanker test is that it is possible to obtain multiple metrics from a single test. For example, slowed reaction time has consistently been identified as an important index of functional impairment in the transmission of neural signals (53), while the inverse efficiency index is a measure of the speed-accuracy tradeoff (54–56). Furthermore, the flanker task is more relevant to functional activities than more traditional language-oriented cognitive tasks that use the left hemisphere (e.g., Stroop word-color task, word memory, verbal responses to simple math problems, and backward recitation of months of the year). The right hemisphere is specialized for resolution of conflicting information and control of visuospatial attention in both the left and right visual fields, whereas the left hemisphere is specialized for language-related functions and monitoring of the body's internal state (57). The Eriksen flanker test has been shown to activate areas of the right hemisphere that are involved in detection and resolution of visual conflict (17, 58), which likely provides a cognitive challenge that is more representative of decision-making in real sport.



Limitations

As with all exploratory studies, there are some limitations to consider for the current work. First, although our cognitive task was representative, our chosen motor tasks did not span the breadth of tasks often undertaken in real sport. Future work should use more challenging functional tasks to further test the limits of attentional capacity. Second, we did not counterbalance the order of conditions before and after the physical exertion protocol. We did include a familiarization trial which has been demonstrated to negate learning effects of the flanker task (29); however, we did observe worsening after exertion in the lateral stepping task, suggesting that learning effects did not occur. We did not assess the interrelated nature of cognitive and motor processing in the brain. Future work should design studies to explore ongoing interplay between cognition and effective motor control and assess varying cognitive tasks in addition to the flanker task. Lastly, we acknowledge that motivation, or the lack thereof, could have explained why a 20-min treadmill protocol did not uniformly elicit changes in cognitive performance across all motor conditions. Future work should consider task-related motivation and arousal as separate factors in both cognitive and motor performance.



Conclusion

Dual-task assessments pre-activity were differentiated in that lateral-stepping resulted in improved reaction time metrics. There was no difference among post-activity assessments, suggesting that a moderate-intensity treadmill protocol eliminated discriminatory power between various flanker dual-task measures. For clinicians and researchers seeking to elicit superior cognitive dual-tasking performance assessment, a rested lateral stepping task may be preferred over sitting, single-leg stance, and forward walking.
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