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      Abstract


      Background


      Over the past twenty years researchers have conducted cross sectional and longitudinal studies to examine how concussions could impact cognitive functions. Previous meta-analysis exploring the effect of a sport-related concussion on cognition lacked matched control groups and only assessed short-term effects ranging 7-14 days. There is increasing evidence and interest in examining the long term cognitive effects of concussions spanning over several weeks to months following the injury.


      Objective


      The purpose of this meta-analysis was to synthesize this concussion-cognition literature and determine the long term effects of concussion spanning 7 days up to 1 year post-injury.


      Methods


      A literature search was conducted to locate published cross-sectional studies on concussion and cognition in interscholastic and intercollegiate athletes. A total of eight studies published between August 2006 and May 2017 were included encompassing 915 athletes from 17 different sports. Neuropsychological assessments were conducted with these athletes after 7 days up to a year.


      Results


      We found 8 studies examining the effects of concussions on cognition in athletes. Using the CMA software the overall effect of concussion on cognition was significant when compared to athletes without a history of concussions (g = -0.413, p < 0.014). More specifically of the three cognitive domains, executive function (g = -0.645, p < 0.033) and attention and processing speed (g = -0.429, p < 0.006) showed significant effect sizes while memory (g = -0.314, p < 0.128) was not significant.


      Conclusion


      Our findings suggest that concussions not only have an acute negative impact on cognitive functions, but these effects can last up to a year post-injury affecting the executive function, attention and processing speed domains. We discuss the limitations of studies and implications for future research.


      Keywords
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      Introduction


      About 1.7 million Traumatic Brain Injuries (TBIs) occur every year in the United States of America [1]. Mild TBI's include symptoms such as a brief change in mental status, fogginess or headaches lasting no longer than 15 minutes. TBI's not only produce physical symptoms and disabilities but they can also cause cognitive complaints that affect neuropsychological performance of the brain across the domains of memory, attention and processing speed and executive functions. Executive functions include tasks such as planning, initiation, sequencing and goal directed behavior [2]. Attention and processing speed allows a person to sustain focus, concentrate and process information sufficiently [3]. Attention and processing speed can be broken down into different categories such as attention span [3], attention control [4], and sustained attention [4] and divided attention control [5]. Memory functions involve the ability to retain, recall and recognize information [6]. Taken together, each of these domains are important to perform activities of daily living.


      Sport-related concussions are one example of a TBI and have become a major concern in both the neuropsychology and sports medicine literature over the past decade [7]. Similar to the definition of a TBI, a sport-specific concussion can also happen from a direct blow to the head or body that may cause the head to jerk or snap back and forth. Sport-related concussions have significantly increased in recent years for interscholastic and collegiate athletes, from 2001-2009 the number of reported cases involving sport-related concussions increased from 153,375 to 248,418 [8]. These statistics do not include the collegiate athletes who may or may not be treated by their athletic training/medical staff.


      Outside of the immediate physical constraints and recovery related activity restrictions that sport-related concussions place on athletes the significance of the cognitive damage caused by these concussions are sporadically studied in these populations. Within the past nine years there have been three meta-analyses studying the cognitive performance of recently concussed college athletes. Belanger and VanderPloeg [9] conducted a meta-analysis assessing the effects of a sport concussion on cognition. They concluded that the cognitive domain mostly affected by a concussion was memory and was severely impaired 24 hours post-injury. They found that baseline functioning for memory returned by the 7th day post-concussion injury. Broglio and Puetz [10] conducted a meta-analysis assessing neuropsychological function, self-report concussion symptoms such as headache, nausea and postural control. The authors found that a sport-related concussion had a large negative effect on neurocognitive functioning, self-reported symptoms and postural control immediately after injury. There was a reduced but large negative effective size on all three variables 14 days post-injury. Belanger, Spiegel and Vanderploeg [11] conducted a meta-analysis assessing the impact multiple sport-related concussions have on neuropsychological performance. The authors found that sustaining multiple sport-related concussions (on average 2-3) did not have a significant impact on neuropsychological performance overall but did have minimal effect on memory and executive functioning.


      The purpose of this meta-analysis was to review literature published after 2006 examining the relationship between concussions and the long-term effects on cognition in interscholastic and collegiate athletes. The decision to review literature published after 2006 was based on the referenced meta analyses [9,11] that cited literature published before 2006. The literature published before 2006 were already referenced in the above Meta analyses and would have been irrelevant to the current research study. Performing a meta-analysis for this study allows us to combine all of the included studies results to show a single conclusion with greater statistical power. Collectively past meta-analyses have shown that sport-related concussions are negatively related to cognitive performance in athletes [9-11]. These studies varied in participant selection, comparison groups, assessment times, and number of previous concussions sustained. Moreover, conclusions about long term effects of concussions on cognition cannot be drawn from these studies which mostly examine short term effects of the injury. Assessment times for past meta-analyses have ranged from 7-14 days post injuries which do not address post-acute or long-term effects on cognitive function. In the current analysis, short term (7 days), post-acute (30 days) and long term (longer than 30 days) effects were included. Including studies that have assorted time since injury allow us to show the varying impact that a concussion can have on cognition regardless of time lapsed. This is also crucial in showing why a pre-determined time since injury protocol is needed to provide consist measurement and diagnosis of concussions. In our review, we include studies that followed concussed athletes and control groups up to one-year post-injury. While some studies use a pre-post design with participants [12], this study includes research with non-concussed participants to show true baseline results, since some athletes may have already had more than one concussion. We examined the overall effect sizes for the individual studies as well as the effect sizes for specific domains of cognitive performance, including attention and processing speed, executive function, and memory.


      Quorom


      Literature search and study selection


      The following databases were used to locate peer-reviewed studies from August 2006 to May 2017 that examined sport-related concussions and its effects on cognition in athletes: PSYCInfo, PubMed, JSTOR, National Institute of Health and Science Direct. The databases were checked on a weekly basis during a three-year period (January 2014 - May 2017). We used search terms that were constructed around three concepts-athletes, concussion and cognition - to identify all the relevant published articles investigating the concussion-cognition relationship. More specifically we used the following terms: college athletes, concussion, high school athletes, traumatic brain injury, memory, cognition, cognitive functioning, executive function, attention and processing. In addition to the online database search, reference lists of articles were also scanned to locate relevant literature.


      Study inclusion criteria were: 1) Cross-sectional studies with both a concussed athlete group and a matched control group, with objective measures of cognition assessing at least one or more domains using paper-pencil or computer based measures, 2) Reported data that showed follow up cognitive tests between 7 days and one year post-concussion injury, 3) Participants with no prior sport-related head injuries, 4) A matched control group where participants were deemed healthy with no previous history of a concussion, 5) Cognitive assessment taking place up to one year post-concussion injury and 6) Sufficient cognitive data reported in the studies to estimate an effect size.


      Study exclusion criteria were: 1) Meta-analysis, random controlled trials, longitudinal and other study designs that were not cross-sectional, 2) Studies lacking a matched control group, 3) Studies that did not measure cognitive functioning using objective assessments, 4) Studies lacking sufficient data to allow effect size calculations, 5) Studies that were conducted with samples other than athletes and 6) Studies published before August 2006 or up to May 2017. As the purpose of this meta-analysis was to examine the effect a sport-related concussion has on cognition, we included studies conducted with male and female youth, interscholastic and intercollegiate athletes, as long as they met these six inclusionary criteria.


      Data abstraction and analysis


      For each study, authors extracted the following details: sample size and mean age, gender of participants, sports studied, concussed/control group characteristics and guidelines used for concussion diagnosis. Cognitive tests used in all studies were classified into 3 categories: i) Attention and processing speed which is the sustained focus of cognitive resources, selective concentration and rapid processing of information [13], ii) Executive function which is a set of cognitive skills responsible for the planning, initiation, sequencing, and monitoring of complex, goal-directed behavior [14] and iii) Memory and working memory which involves retention, recollection, and recognition of previously encountered information [6]. Authors also extracted the following details regarding cognition characteristics from each study: name(s) of cognitive test(s), assessment time points post-injury and effect sizes.


      Comprehensive Meta-Analysis software package [15] was used to conduct the analyses (BioStat, Englewood, New Jersey). Hedge's g [16] was calculated for each cognitive test reported in the articles. The majority of studies used multiple cognitive tests, often spanning each of the three cognitive domains. We therefore calculated: i) An overall effect size for each study and overall cognition and ii) An average effect size for each of the three cognitive domains. Study-specific effect size estimates were weighted by the study sample size and combined to form the overall study effect size. Forest plots were constructed to display study-specific overall effect sizes for each cognitive domain. All effect sizes were coded so that positive numbers always reflected improvements in performance, and negative numbers reflected deterioration in performance. A random effects analysis was conducted to provide a conservative estimate of concussion effects [17] and homogeneity of effects was assessed using the Q statistic.


      Results


      Selection


      Figure 1 shows the flow of our literature search process. Our search generated a total of 59 references. Fifty one studies were excluded as they did not meet the following inclusionary criteria: case studies or insufficient information to estimate effect sizes, insufficient information regarding concussion injury, professional or retired athletes used as participants, previous meta-analyses studies published before August 2006, cognitive assessment done after one year, no healthy age-matched group for comparison, healthy age-matched group used for comparison but no cognitive data reported and no clear objective cognitive measure stated. Four other studies were excluded as they were missing cognitive assessment data to allow effect size estimations. Thus, a total of 8 studies [5,18-24] were retained for the meta-analysis, of which 5 were conducted in the US, 2 in Canada and 1 in South Africa.


      
        Figure 1: Flow of the literature search process. View Figure 1

      


      Study characteristics


      Table 1 shows the study characteristics for the eight studies included in this meta-analysis. Four studies used both male and female participants while three used only male participants and one study used only female participants. The American Academy of Neurology's definition of concussion was used for a diagnosis in five of the eight studies with one using the Immediate Post-Concussion Assessment Test (IMPACT) guidelines while one did not list any criterion for concussion diagnosis. The American Academy of Neurology defines concussion as "a condition resulting from the stunning, damaging, or shattering effects of a hard blow to the head." The AAN provides a concussion quick checklist to evaluate concussions immediately (www.aan.com/practice/sports-concussion-toolkit/). IMPACT is a computerized neurocognitive test that helps high schools; colleges/universities evaluate and manage concussions (www.impacttest.com/audience/?teams-1). The comparison groups in these studies included healthy, matched participants (gender, age, attending school and academic standing) that were a part of non-contact sports or no athletic affiliation at all. While the majority of the studies used athletes that participated in soccer, athletes participating in 17 different sports were represented in the studies reviewed. Other sports included football, basketball, wrestling and cricket. All of the participants were considered amateur athletes and did not have any prior experience playing on a professional level in their respective sport. Both the concussed and healthy groups were given baseline assessments before the start of their athletic season with follow up assessments conducted after a concussion.


      
        Table 1: Characteristics of studies included in meta-analysis. View Table 1

      


      Table 2 and Table 3 examine the cognitive characteristics of assessments used in the eight studies. The IMPACT testing was used more frequently (5 of the 8 studies) to determine cognitive performance for both the control and concussed groups. The assessment time points ranged from the day of injury up to one-year post-injury. Table 3 categorizes the cognitive tests used by study authors into the three domains of attention and processing speed, executive function and memory. The Simple Reaction Time (SRT) test used to assess attention and processing speed was the most commonly used measure in 4 of the 8 studies. Attention-processing speed and memory measures made up the largest pool of methods used (14 and 14 respectively) followed by executive function with six different measurements. For attention and processing speed, SRT (4) and motor processing speed (2) were the most frequently used measures. Trail making part A, Code substitution learning, Penn State University cancellation test (PSU) and symbol digit modality were also used for measuring attention and processing speed. Some of the executive function measures included Stroop, verbal fluency, trail making part B, tower of London, controlled oral word association and color trail-part 2. Fourteen different tests were used to evaluate memory (Table 3), some of them included the California verbal learning test immediate and delayed, Brown-Peterson test, Hopkins verbal learning delayed and visual and spatial memory tests.


      
        Table 2: Neurocognitive tests used and assessment time-points of the studies. View Table 2

      


      
        Table 3: Classification of the neurocognitive tests used in studies by cognitive domains. View Table 3

      


      Effect sizes


      Overall effect sizes for all of the studies were calculated prior to examining specific cognitive domains. The overall effect size for all cognitive domains was significant g = -0.413, p < 0.014 (se = 0.169, 95% CI = -0.74 – -0.05, Q7 = 28.79, p < 0.001) as seen in Figure 2.


      
        Figure 2: Effect of concussion on cognition (n = 8), G = -0.413 (se = 0.169 95% CI = -0.74 – -0.05, p < 0.014. Each study is denoted with a square, with larger sample sizes corresponding to larger marks. View Figure 2

      


      Attention and processing speed


      All studies used cognitive tests that measured attention and processing speed. The effect size was significant with g = -0.429, p < 0.006 (se = 0.156, 95% CI = -0.73 – -0.12) as seen in Figure 3. There was however significant heterogeneity observed between the studies (Q7 = 24.36, p < 0.001).


      
        Figure 3: Effect of concussion on attention and processing speed (n = 8), G = -0.429 (se = 0.156, 95% CI = -0.73 – -0.12, p < 0.006). Each study is denoted with a square, with larger sample sizes corresponding to larger marks. View Figure 3

      


      Executive function


      Three of the 8 studies examined the effects of concussions on executive function. The effect size was significant with g = -0.645, p < 0.033 (se = 0.303, 95% CI = -1.23 – -0.05) as seen in Figure 4. Each of the three studies showed similar results and there was no heterogeneity observed across the studies (Q2 = 4.09, p < 0.131).


      
        Figure 4: Effect of concussion on executive function (n = 3). G = -0.645 (se = 0.303, 95% CI = -1.23 – -0.05, p < 0.033). Each study is denoted with a square, with larger sample sizes corresponding to larger marks. View Figure 4

      


      Memory


      Seven of the 8 studies used cognitive tests that measured memory. The effect size was not significant with g = -0.314, p < 0.128 (se = 0.206, 95% CI = -0.71 - 0.09) as seen in Figure 5. There was significant heterogeneity across the studies (Q6 = 36.91, p < 0.001).


      
        Figure 5: Effect of concussion on memory (n = 7). G = -0.314 (se = 0.206, 95% CI = -0.71 - 0.09, p < 0.128). Each study is denoted with a square, with larger sample sizes corresponding to larger marks. View Figure 5

      


      Discussion


      The purpose of this meta-analysis was to examine the overall effect sizes for the individual studies as well as the effect sizes for specific domains of cognitive performance including attention and processing speed, executive function and memory following a concussion. The overall effect size for all domains was -0.37 based on 8 studies, suggesting that sport-related concussions have a modest negative effect on cognition regardless of cognitive task, sex and sport played by the athlete. A closer examination of the three domains of cognition suggested specificity of effects. Attention and processing speed and executive function domains showed a significant negative effect whereas memory changes were not significantly affected among concussed athletes. These findings are different than those of past meta-analysis [9-11] where memory showed significant negative discrepancies after a sport-related concussion seven days post-injury.


      The current meta-analysis provides new information regarding the effects of sport-related concussion on cognition, in particular on executive function and attention and processing speed domains. Executive function allows an individual to perform multiple tasks at once and has been associated with the frontal lobe of the brain [14]. Ellemberg, et al. [25] used brain imagery tools to systematically assess cognitive decline in previously concussed athletes. Ellemberg, et al. [25] also found that, using functional magnetic resonance imaging and Event-Related Potential (ERP), the areas of the brain that are susceptible to the effects of a sport-related concussion on cognition include the dorsolateral pre-frontal cortex, parietal and frontal cortex areas. They found that concussed athletes had lower amplitude and longer periods of latencies when using the ERP's to evaluate cognitive impairment and that decline in working memory was found in the dorsolateral prefrontal cortex while discrepancies in sequencing, an executive function task, was found in the parietal and lateral frontal area. These studies using imaging methods corroborate our findings where significant declines in executive function tasks were noted in concussed athletes.


      Previous studies have found that the use of more difficult cognitive tasks when assessing a sport-related concussion on cognition when a person is asymptomatic will show larger deficits in domains such as executive function and attention and processing speed [26-28]. Ellemberg, et al. [25] found that 6-8 months after initial sport-related concussion those in the concussed group still scored significantly lower on cognitive tasks that measured planning time, inhibition speed and response time, all tasks that would be categorized as executive function or attention and processing speed. In other words, the damage from a sport-related concussion on high level cognitive tasks may still be present well after initial symptoms have conceded than previously reported [29]. This resonates with the findings and purpose of our meta-analysis to assess the effects of concussions on the cognitive health of athletes.


      The current meta-analysis consists of studies that used participants from 17 different sports. While the majority of the studies focused on contact sports such as football, rugby, soccer and wrestling, other sports such as track and field, swimming and gymnastics known as non-contact sports were also sampled. The type of sport (contact vs. non-contact), the competition level (collegiate, interscholastic), the position played by the athlete within the sport and the type of protective equipment used while participating in the sport can all play a major role in an athlete receiving a sport-related concussion and its impact on physical and mental health [25,30-32]. However, further research is warranted before fully determining the influence the type of sport played has on an athlete possibly receiving a sport-specific concussion.


      This meta-analyses is not without limitations. The small number of studies included makes it difficult to determine gender differences or sport specific declines in cognitive performance. Since all studies were cross-sectional, it is impossible to completely state that all cognitive deficits were a direct effect of the occurrence of a sports-related concussion. The studies examined used various cognitive assessments, sample populations, concussion and control group characteristics, lack of treatment description/medical treatment protocol and all symptoms regarding concussions were self-reported. Six out of the eight studies used participants in the concussed groups who already had previous concussions although they were asymptomatic at the time. The lack of a uniform assessment time point (pre-season vs. pre-game) and absence of true non-concussed baseline scores are two major limitations that should be addressed in future work. Researchers also need to determine the appropriate time points post-injury to conduct cognitive assessments and determine the trajectory of cognitive changes, as well as examine ways to find a true baseline when working with athletes who may or may not report previous concussion history. One crucial finding related to neurocognitive performance was the lack of standard cognitive measures used in this research. Each study included in this analysis used multiple assessment tools (up to 14 different measures of memory and attention-processing speed) to determine cognitive decline post-injury (seen in Table 3). There is a clear need for current and future researchers to collaborate, identify and employ established, standardized, reliable and valid neurocognitive tests to assess neurocognitive function.


      Even with the limitations listed the findings provided by this meta-analysis are new and provide more insight into the effects of a sport-related concussion on cognition, particularly the executive function and attention-processing speed domains. The studies included in this analysis have assessment time points up to one year which gives researchers, athletic trainers, sport coaches, sport administrators and parents a better understanding of the enduring effects of a sport-related concussion on cognition. A major strength of this analysis is the inclusion of studies that used healthy comparison groups. The control groups were non-concussed healthy athletes in the same age group with a matched education level. This is strength because previous meta-analysis did not include a matched control group or a control group at all. Most of the studies used in previous meta-analyses explored the baseline and post-injury scores of only concussed athletes. Research examining cognitive performance after a sport-related concussion needs more specific cognitive assessments including advanced imaging methodologies. Future research should focus not only on identifying post-concussion cognitive declines but also how these can impact sport performance as well as quality of life of the athletes. Knowledge about long term effects of concussions on cognition will also allow researchers to design interventions to prevent further declines in cognitive health and mental well-being in at-risk athletes. We hope that this meta-analysis will serve as a significant platform for researchers to overcome past limitations and design and implement systematic research protocols to detect and possibly improve cognitive functioning in concussed athletes.
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