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Abstract: 

Background: Individuals who have sustained a concussion often display associated balance 

control deficits and visuomotor impairments despite being cleared by a physician to return to 

sport. Such visuomotor impairments can be highlighted in collision avoidance tasks that involves 

a mutual adaptation between two walkers. However, studies have yet to challenged athletes with 

a previous concussion during an everyday collision avoidance task, following return to sport. 

Research Question: Do athletes with a previous concussion display associated behavioural 

changes during a 90-collision avoidance task with an approaching pedestrian? 
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Methods: Thirteen athletes (ATH; 9 females, 234years) and 13 athletes with a previous 

concussion (CONC; 9 females, 223 years, concussion <6 months) walked at a comfortable 

walking speed along a 12.6m pathway while avoiding another athlete on a 90º-collision course. 

Each participant randomly interacted with individuals from the same group 20 times and 

interacted with individuals from the opposite group 21 times. Minimum predicted distance (mpd) 

was used to examine collision avoidance behaviours between ATH and CONC groups. 

Results: The overall progression of mpd(t) did not differ between groups (p>.05). During the 

collision avoidance task, previously concussed athletes contributed less when passing second 

compared to their peers(p<.001). When two previously concussed athletes were on a collision 

course, there was a greater amount of variability resulting in inappropriate adaptive behaviours. 

Significance: Although successful at avoiding a collision with an approaching athlete, previously 

concussed athletes exhibit behavioural changes manifesting in riskier behaviours. The current 

findings suggest that previously concussed athletes possess behavioural changes even after being 

cleared to returned to sport, which may increase their risk of a subsequent injury when playing.    

Keywords: mutual adaptation; adaptive locomotion; visuomotor integration; person-person 

interactions; concussion; contact sport 

 

1. Introduction 

 It is estimated that 3.8 million Sports Related Concussions (SRC) occur in the United 

States per year with almost 50% of SRC going unreported[1]. SRC are a traumatic brain injury 

caused by biomechanical factors, resulting from a direct blow to the head, face, or neck causing 

short-lived neurological impairments[2]. SRC vary in severity and clinical symptoms ranging 

from headaches and nausea to severe neurological impairments[2]. Research involving athletes 

who have sustained a SRC, have identified associated balance control deficits and highly 

variable actions when performing visuomotor processing tasks, such as dual tasks or perception-
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action coupling tasks, persisting well beyond the identified recovery period and return to sport 

[3-15]. Thus, physical symptom recovery post-SRC may not be indicative of absolute recovery 

leading to an increased likelihood of sustaining another concussion or injury during an everyday 

task [1,11,13,16], such as avoiding a collision with an object or approaching pedestrian.  

Recent research has observed and quantified individual avoidance behaviours during a 

collision avoidance task involving two pedestrians approaching one another at a 90° angle[17-

18]. The mutual avoidance between two pedestrians during a 90°-collision avoidance task can be 

described using the evolution of Minimum Predicted Distance (mpd), which predicts the future 

risk of collisions between two walkers[17-18]. In such as task, role-dependent strategies can be 

identified based on crossing order such that, the walker passing second contributes more to the 

avoidance situation compared to the walker passing first, regardless of age[18-19]. These role-

dependent strategies are established at the initial sight of one another and are maintained 

throughout the entirety of the avoidance task such that, the walker who is intended to pass first at 

the beginning of the interaction (based on walkers’ respective velocity and position) is the one 

who passes first at the time of crossing[18,21]. This 90-collision avoidance task and mpd 

analyses has proved to be an effective paradigm to quantify avoidance behaviours (i.e., 

contribution to avoidance, role identification to the avoidance, and temporal evolution of an 

avoidance) across the lifespan, highlighting visuomotor changes due to development and 

aging[19-20]. 

Given the discrepancy in athlete recovery following a SRC, it is essential to examine 

avoidance behaviours in athletes with a previous concussion during an everyday collision 

avoidance situation, in which they must adapt their locomotor speed and path trajectory to avoid 
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another pedestrian. It is possible that these athletes are more susceptible to a subsequent injury or 

collision due to associated visuomotor changes.  

Thus, the objective of the current study was to examine avoidance behaviours during a 

90-collision avoidance task with an approaching pedestrian in athletes with a previous 

concussion. It was hypothesized that athletes with a previous concussion would demonstrate 

differences in their collision avoidance behaviour due to associated visuomotor impairments. 

Specifically, by using a 90-collision avoidance task with an approaching pedestrian and mpd 

analyses, athletes with a previous concussion were expected to have riskier collision avoidance 

strategies highlighted through changes in the temporal evolution of mpd as well as, difficulties 

identifying role-dependent strategies.  

2. Materials and methods 

2.1 Participants 

 Thirteen athletes with a previous concussion (CONC; 9 females, 223 years) and 13 non-

concussed control athletes (ATH; 9 females, 234years) participated in the study(Table 1). All 

participants completed informed consent and a health history questionnaire to determine 

eligibility to participate (i.e., no known neurological/ movement disorders or injury impairing 

locomotion, and normal/corrected normal vision). All CONC completed the sport concussion 

assessment tool 5
th

 edition (SCAT-5)[22] which provided information regarding time of injury 

and return to sport(Table 1). CONC were rugby players who had sustained an SRC within one 

year of participation, were asymptomatic during data collection, and had been cleared to return to 

sport by a physician. ATH played a contact sport such as rugby, football, or handball and had not 

sustained an SRC within the last 24 months of participation. The study was approved by the 

ethics boards at both universities.  
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COLLISION AVOIDANCE IN PREVIOUSLY CONCUSSED ATHLETES 6 

2.2. Experimental design 

  Each experimental session was conducted in a 9mx9m area consisting of four occluding 

walls [cf. 17-18]. The occluding walls allowed participants to reach steady state locomotion prior 

to viewing the other individual involved in the avoidance task (Figure 1). Multiple participants of 

the same sex were recruited per experimental session, to explore natural behaviours and limit 

interaction biases. There were a total of six experimental sessions performed: five sessions 

consisting of 2 CONC and 2 ATH and one session consisting of 3 CONC and 3 ATH. Ideally, 3 

participants per group for each experimental session would limit interaction biases however, due 

to difficulty recruiting CONC, most of the experimental sessions involved 2 participants per 

group. During each session, participants occupied one of the four corners of the experimental 

space and were unaware of who they were interacting with (i.e., CONC or ATH) on any given 

trial. Participants were outfitted with a helmet consisting of four 4mm reflective markers, 

representing a unique rigid body. Head position data were recorded using 24 Vicon cameras, 

positioned above the experimental area, at a sampling frequency of 120Hz.  

2.3. Protocol 

 Trials consisted of two participants, not sharing the same diagonal, walking to their 

opposite corner of the experimental area. Participants were instructed to walk at a comfortable 

pace to the opposite corner without colliding with another individual. An audible monotone 

“GO” signal was provided by the experimenter to notify participants to begin the trial. Trials 

were randomized and included the following interactions: 1) two ATH, 2) one ATH and one 

CONC, 3) two CONC, and 4) individual walking trials. Each participant interacted with 

individuals from the same group an equal number of times as interacting with individuals from 

the opposite group. A total of 92 trials were completed in experimental sessions involving 2 

Jo
ur

na
l P

re
-p

ro
of
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CONC and 2 ATH and a total of 141 trials were completed in the experimental session involving 

3 CONC and 3 ATH. Trials were separated into blocks to change the configuration of 

participants in each corner to limit interaction biases and to ensure all combinations of 

interactions could be completed.  

2.3 Data analysis 

 Participant’s movement was computed as a single point placed in the centre of the helmet 

and was used to determine mpd and the contribution to collision avoidance. Data reconstruction 

of the positional data were smoothed using a 0.5Hz low pass 2
nd

 order Butterworth filter, 

removing high stepping oscillations. Velocity was computed using the time derivative of each 

participant’s location.  

Trials were separated into the following four groups based on the participants involved 

and who crossed first: 1) ATH-ATH; 2) CONC-CONC; 3) CONC-ATH; and 4) ATH-CONC. 

We computed mpd at each instant of time (t) for each collision avoidance trial [cf. 17]. This 

resulted in mpd(t) representing the theoretical crossing distance between participants’ future 

position based on a linear extrapolation of their trajectory given their current position and speed 

at time(t)[16]. Any variation of mpd(t) indicates that a motion adaptation to avoid a collision 

occurred between two walkers. Specifically, we were interested in the interaction period between 

the two walkers, which ranged from the time individuals first saw one another past the occluding 

walls (tsee,) to the time of crossing (tcross, i.e., the clearance distance). As a result, a temporal 

normalization of the interaction period from tsee (i.e., 0% of the interaction) to tcross (i.e., 100% 

of the interaction) was conducted for each trial to enable comparisons of mpd time series 

between groups.  
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COLLISION AVOIDANCE IN PREVIOUSLY CONCUSSED ATHLETES 8 

Moreover, mpd(t) was assigned according to the final crossing order between two 

walkers in such a way that allowed for a positive mpd(tcross). In doing so, a positive mpd(tsee) 

suggests that crossing order was preserved along the entire interaction. Alternatively, a negative 

mpd(tsee) is the result of an inversion in crossing order between the two walkers such that, 

walker #1 was intended to pass first based on linear extrapolation however walker #2 ended up 

passing first at tcross. Thus, the number of inversions in crossing order was computed and was 

separated for all subsequent analyses as we are unable to examine the temporal evolution of mpd 

in such trials.  

 To examine collision avoidance behaviours, only trials where a motion adaptation 

occurred were considered. Motion adaptations to avoid collisions resulted in increases in mpd 

during the interaction period, such that mpd(tcross) > mpd(tsee). Thresholds for motion 

adaptation were identified by dividing the data into trials where: 1) mpd(tcross) > mpd(tsee) 

(mpdCA); and 2) mpd(tcross) ≃ mpd(tsee) (i.e., no motion adaptation was performed) [cf. 22]. A 

threshold was determined for each group using the equation:  

 

      {
                                   

           
      (1) 

where a and mpdCA minimized the sum of squared residuals between the data and the model. By 

fitting a piecewise linear function onto the evolution of mpd(tcross) with respect to mpd(tsee), 

the switch point between the two pieces is identified as the threshold for motion adaptation.  

 The cumulative contribution (m) along the interaction period of the walker passing first 

and the walker passing second were computed using partial derivatives of mpd(t) [18]. Only 

trials where a motion adaptation with a minimum change of 0.05m between mpd(tsee) and 
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mpd(tcross) was considered. Anything less than 0.05m would be too small of a change for an 

individual to change their behaviour.  

2.4 Statistics 

 GLM were conducted for each variable to explore group differences, ( set to 0.05). 

Normality and homogeneity of variance were assessed using Shapiro-Wilk and Levene tests. 

Average walking speed for ATH and CONC groups were compared using Welch’s t-test. A 

Pearson’s chi-square was conducted for each group interactions to examine the number of 

inversions to mpd(t). The effect of group interaction on clearance distance (mpd(tcross)) for all 

trials with a motion adaptation were assessed using a One-way ANOVA and post-hoc analysis. 

Statistical Parametric Mapping (SPM)[24] and post-hoc analysis were conducted to compare the 

difference in the evolution of mpd(t) between groups from tsee to tcross. Bonferroni corrections 

were applied to all p-values with the level of significance remaining at =0.05. Last, paired 

samples t-tests using SPM were completed for each group to explore contribution to avoid a 

collision between participants.  

 3. Results 

3.1 Walking speed  

 No collisions occurred throughout any of the experimental sessions between participants. 

Average walking speed during the individual catch trials were analyzed. CONC walked 

significantly slower (1.41±0.13m/s) compared ATH (1.46±0.08m/s) (t(63.42)=2.3,p=.02,d=.52).  

3.2 Inversion of crossing order 

 Of the total trials reconstructed, there were several trials involving a negative mpd(tsee), 

meaning an inversion in crossing order occurred. There were a greater number of inversions in 

Jo
ur

na
l P

re
-p

ro
of
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crossing order during CONC-ATH trials (22.9%) (i.e., CONC was expected to pass first) 

compared to any other groups (χ
2
(3)=7.86,p=.049; Table 2).  

3.3 Threshold for motion adaptation (maximum distance)  

Considering trials when an inversion in crossing order did not occur (i.e., mpd(tsee) >0), 

the threshold to trigger an adaptation differed between groups(Table 2), the smallest threshold 

occurringduring CONC-CONC trials (0.84m). This threshold of 0.84m was used for subsequent 

mpd(t) analyses. 

3.4. Minimum Predicted Distance (mpd) 

 The average mpd(t) for all four group interactions, when mpd(tsee)<0.84m and for all 

positive mpd(tsee) were analysed using SPM(Figure 2). Analyses only revealed a significant 

effect of group interactions on mpd(t) at the beginning of the interaction period, from 0% to 3% 

of the interaction(F*>3.65,p=.045). During this initial interaction, post-hoc analysis revealed a 

significant difference between ATH-ATH and CONC-CONC groupings (p=.008). The remainder 

of the interaction period and overall progression of mpd(t) for all group interactions were not 

significantly different from one another(p>.05). As well, there were no differences between 

clearance distance (mpd(tcross) between the four groups(F(3,441)=1.17,p=.32, f=.008; Table 2).  

3.5. Contribution to collision avoidance (tsee to tcross)  

 During the interaction period, a cumulative contribution must occur from both walkers to 

avoid a collision. SPM paired t-test analyses revealed significant differences between the 

contribution to collision avoidance based on who was interacting with one another and their 

designated roles, the walker passing first or the walker passing second(Figure 3). In the ATH-

ATH interactions, the contribution to collision avoidance of the individual passing second is 

greater than the contribution of the individual passing first during the majority of the interaction 
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(i.e., 5%-100% of the interaction, t>2.89,p<.001; Figure 3a). Comparatively, in the CONC-

CONC interactions the contribution of the individual passing second is greater than the 

contribution of the individual passing first from 57%-100% of the interaction, with a greater 

amount of variability (t>2.95,p<.001; Figure 3d). In the CONC-ATH grouping, the contribution 

of the ATH is greater than the contribution of the CONC from 40% to 100% of the interaction 

(t>2.93,p<.001; Figure 3b). Last, in the ATH-CONC grouping there were no significant 

differences between walkers’ contribution to collision avoidance, apart from one marginal 

difference at the beginning of the interaction (0%-4%), where the contribution of the ATH was 

larger than the CONC (t>2.90,p<.045; Figure 3c).  

4. Discussion 

 The study aimed at evaluating whether previously concussed athletes (CONC) 

demonstrated visuomotor processing impairments manifesting as differences in avoidance 

behaviours during a 90-collision avoidance task with an approaching walker. Our results 

revealed that CONC exhibit behavioural changes, persisting beyond physician clearance to return 

to sport, including improper contribution to collision avoidance and difficulty identifying role-

dependent strategies during an everyday collision avoidance task with an approaching walker.  

Minimum Predicted Distance (mpd), was analyzed as a function of time throughout the 

interaction period to examine contribution to collision avoidance between athletes. Comparing 

initial response to collision avoidance, the threshold for motion adaptation between two control 

athletes (ATH-ATH) was similar to previous findings in young adults (~1m)[17-20]. However, 

when two CONC interacted (CONC-CONC), risker collision avoidance strategies manifested in 

a smaller adaptation threshold (0.84m). In fact, motion adaptation thresholds were smaller for 

CONC-CONC interactions compared to when at least one ATH was involved(Table 2). The 
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smaller motion threshold suggests CONC were more likely to collide or pass relatively closer to 

one another if no adaptation to speed or trajectory occurred. Likewise, a smaller threshold may 

imply that CONC have associated deficiencies with perception action-boundaries resulting in 

riskier collision avoidance strategies[13]. However, this initial risk of a collision was not 

maintained throughout the interaction with the other pedestrian. The overall progression of 

mpd(t) and the clearance distance were similar between ATH and CONC groups(Figure 2). A 

similar clearance distance between groups emphasizes the preservation of anticipatory locomotor 

adjustments in CONC following their clearance to return to play. Thus, the similar clearance 

distance between ATH and CONC groups suggests latter understand their action boundaries as 

the potential of a collision gets closer. However, CONC may require a greater amount of time to 

process an impending collision and make adjustments due to visuomotor deficiencies, as 

evidenced by a slower walking speed compared to the control athletes and a smaller motion 

adaptation at initial sight of an approaching pedestrian(tsee; Table 2).  

Despite a similar mpd(t) (in trials with no inversions), there is evidence of associated 

visuomotor deficits in CONC. First, there were a greater number of inversions in crossing order 

when CONC were expected to pass first (CONC-ATH, Table 2). Typically, passing second or 

slowing down can be considered a cautious strategy as it allows for an individual to attend and 

maintain view the walker passing first[25]. However, in the case of a mutual avoidance, an 

inversion in crossing order results in improper avoidance strategies and an increased risk of a 

collision due to an impairment in perception-action processing. Specifically, CONC may have 

perceived the collision appropriately however, it took longer for them to process the information 

and produce an appropriate response resulting in improper collision avoidance strategies[3], such 

Jo
ur

na
l P

re
-p

ro
of



COLLISION AVOIDANCE IN PREVIOUSLY CONCUSSED ATHLETES 13 

as slowing down rather than speeding up to ensure a collision did not occur with the walker who 

was intended to pass second.  

Likewise, the contribution to collision avoidance differed between ATH and CONC 

groups based on crossing order and who was interacting. Similar to previous studies with young 

adults, two control athletes interacting were able to establish role-dependent strategies such that, 

the individual passing second contributed more to the collision avoidance(Figure 3a)[17-20]. 

However, when CONC were involved in the interaction, they contributed less to the mutual 

collision avoidance behaviour when identified as passing second(ATH-CONC; Figure c). In 

other words, ATH quickly adapted to prevent the collision with CONC by contributing more to 

the collision avoidance. Thus, ATH adapted their trajectory to ensure successful clearance even 

when passing first. Improper contribution to collision avoidance is further emphasized during 

CONC-CONC interactions, the relative contribution to collision avoidance is highly variable and 

is associated with improper adaptation strategies (Figure 3d). In other words, when two CONC 

are on a collision course, there is a discrepancy in establishing role dependent strategies to 

collision avoidance, resulting in decreasing mpd (i.e., as depicted by the negative variability) 

rather than increasing the distance between them. This is consistent with previous research 

suggesting that individuals who have sustained a previous concussion exhibit highly variable 

actions during visuomotor tasks[3,5,9,11-12]. In summary, the differences in contribution to 

collision avoidance, crossing order, and high variability suggest CONC have impairments in 

visuomotor processing, resulting in improper collision avoidance strategies, even after being 

cleared to return to sport. 

It is important to note that ATH and CONC did have an overall smaller clearance 

distance compared to previous literature with young adults. Smaller clearance distances may be 
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due to athletic training, however adaptions to mpd(t) were consistent between control athletes 

and previous collision avoidance literature[17-20]. Additionally, all interactions compared 

avoidance behaviours of athletes of the same sex and similar size, therefore collision avoidance 

behaviours are not based on physical characteristics[21], rather based on perceptions of the other 

pedestrian’s movements. Possiblity of biases in avoidance behaviours based on athletes knowing 

one another and their concussion history prior to completing the study were mitigated through 

the use of multiple trials, recruiting multiple participants per session, and the room set up (i.e., 

90° walking trajectories, having walls preventing any prior knowledge as to who participants 

were interacting with until they were at steady-state locomotion, and little time to react).  

Conclusion 

Previously concussed athletes displayed ineffective behavioural changes during an 

everyday collision avoidance task, which may be due to residual visuomotor impairments. The 

riskier behaviour displayed throughout the collision avoidance task may be associated with 

biomechanical changes[11] or perception-action processing difficulties[13] following a 

concussion, thus increasing the likelihood of sustaining a subsequent injury following a 

concussion once they have returned to play. The results from the current study should be used as 

a basis for future studies to investigate biomechanical constraints, perceptual judgements, 

reaction time, and visuomotor processing in athletes with a previous concussion who have been 

cleared to return to play. As well, further analysis is needed to understand these associated 

changes in behaviours, specifically in a sports-related collision avoidance interactions using 

virtual reality protocols.  
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Table 1: Characteristics of athletes with a previous concussion (CONC) and athletes (ATH).  

 
Athletes with a previous concussion 

(N=13) 

Athletes 

(N=13) 

 Average 
Standard 

Deviation 
Max Min Average 

Standard 

Deviation 
Max Min 

Age (years) 22 ±2.9 27 18 23 ±3.7 31 19 

Sex 9 Females - - - 9 Females - - - 

SCAT5 Symptom 

Score 
8 ±15 56 0 4 ±6 23 0 

No. of Symptoms 4 ±5 17 0 3 ±4 12 0 
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Table 2: Threshold for motion adaptations, inversions in crossing order, and the average 

clearance distance for each of the four group interactions, 1) athlete – athlete (ATH - ATH), 2) 

athlete - athlete with previous concussion (ATH – CONC), 3) athlete with previous concussion – 

athlete (CONC – ATH), and 4) athlete with previous concussion – athlete with previous 

concussion (CONC – CONC).  

 

 
1) ATH-

ATH 

2) ATH-

CONC 

3)CONC-

ATH 

4) CONC-

CONC 

 

Threshold for motion 

adaptation (m) 

 

1.07 0.97 0.93 0.84 

 

Inversion of crossing order 

(%) 

 

14.7 10.4 22.9 14.8 

 

Clearance distance (m) 

 

0.74±0.15 0.71±0.14 0.72±0.14 0.71±0.14 

No. of Previous 

Concussion 
2 ±1 3 1 <1 - 1 0 

No. of days since 

Last Concussion 
111 ±91 365 22 - - >730 - 

No. of days to 

Clinical Recovery 
25 ±21 90 7 - - >730 - 
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Figure Captions 

 

Figure 1: A) Experimental setup of the 90°-crossing experimental set-up consisting of four 

occluding walls within a 12m x 12m area. P1 and P2 represent 2 participants involved in one 

trial. P(start) refers to the position of participant when starting the trial, P(tsee) is the position of 

each participant when they are first able to see one another (i.e. when they are not anymore 

occluded by the walls), and P(tcross) is the position of each participant when they cross, at the 

distance of closest approach. B) Real world image of two athletes interacting within the 

experiment.  

 

Figure 2: Mean positive mpd(t) evolution over time for each group pairings between athlete 

(ATH) and athlete with previous concussion (CONC). Significant differences are represented by 

horizontal lines at the bottom of the figure (p<.05) 

 

Figure 3: Contribution (mean and SD) to mpd(t) between walker #1 and walker #2 between: A) 

athlete - athlete interactions (ATH-ATH), B) athlete with previous concussion - athlete 

interactions (CONC-ATH), C) athlete – athlete with previous concussion interactions (ATH-

CONC), and D) athlete with previous concussion – athlete with previous concussion interactions 

(CONC-CONC). Significant differences during the interaction period between the walker 

passing first and the walker passing second are represented by horizontal lines at the bottom of 

each figure (p<.001). 
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Figure-1 
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Figure-2 
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Highlights: 

 Safe collision avoidance requires a mutual adaptation using visuomotor processing 

 Previously concussed athletes contribute less to mutual avoidance of collisions 

 Two previously concussed athletes on collision courses yield highly variable actions 

 Previously concussed athletes possess behavioral changes beyond return to sport 
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