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Abstract

:

Sports-related concussions are an increasing public health issue with much concern about the possible long-term decrements in cognitive function and quality of life that may occur in athletes. The measurement of cognitive function is a common component of concussion management protocols due to cognitive impairments that occur after sustaining a concussion; however, the tools that are often used may not be sensitive enough to expose long term problems with cognitive function. The current paper is a brief review, which suggests that measuring cognitive processing through the use of event related potentials (ERPs) may provide a more sensitive assessment of cognitive function, as shown through recent research showing concussion history to influence ERPs components. The potential influence of genetics on cognitive function and ERPs components will also be discussed in relation to future concussion management.
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1. Introduction


The Centers for Disease Control and Prevention estimates that as many as 3.8 million sport and recreation-related concussions occur each year in the United States [1]. Sports-related concussion (SRC) is caused by a direct blow to the head, face, neck, or other area of the body that sends an impulsive force to the head [2]. SRC is mainly classified by rapid onset of temporary, mild impairment of neurological function. The injury is predominantly functional, with no apparent structural damage detectable with neuroimaging techniques. Clinical symptoms may develop up to hours after the injury and are typically transient. In some cases, loss of consciousness may occur [2].



Although concussion has been considered a transient injury, a number of recent studies link multiple concussions with long-term neurodegenerative issues [3,4,5]. One of these effects is Chronic Traumatic Encephalopathy (CTE), which refers to neurocognitive decline and neuropathological findings of the accumulation of atypical hyperphosphorylated-tau neuronal deposits in brain tissue [6]. CTE has been detected in contact-sport athletes, such as football, ice hockey, and wrestling [7,8]. A 2017 study found neuropathologically diagnosed CTE in the brains of 110 out of 111 deceased National Football League players [9].The prevalence and risk factors of CTE are yet to be understood, and more research must be done to determine the relationship between CTE and concussion history [6].



The prevalence and potential lifelong effects of concussion demand that more attention must be directed towards continually improving concussion management in an effort to minimize short and long-term injury. Proper concussion management allows for safe and effective return-to-play decisions to be made. This reduces the chances of exacerbating a current concussion, which, as shown by CTE research, may lead to serious long-term brain dysfunction. Current clinical concussion management protocol for athletic trainers includes neurocognitive evaluation [10]. The Immediate Post-Concussion Assessment and Cognitive Test (ImPACT) is a widely-used computerized concussion diagnostic tool. However, studies have suggested that the ImPACT fails to show, underlying neurocognitive deficits that may exist [11]. The detection of more subtle neurocognitive deficits may be better suited to highly sensitive electrophysiological measures such as the electroencephalogram (EEG). EEG technology is used to record brain activity through electrodes placed on specific locations of the scalp. When an individual performs a cognitive task, the EEG records the neural activity as a series of waveforms. This scalp-recorded neural activity is referred to as event-related potentials (ERPs). The ERPs are generated in a neuroanatomical module when a specific computational operation is performed and correspond to voltage deflections of relatively independent latent components [12].



Some studies suggest that cognitive ERPs, which can be used to assess a variety of cognitive processes ranging from visual attention (P1, N1) to spatial analysis (N2) and visual perception (P3), can be influenced by genetics [13,14,15,16]. Reinvang et al. conducted a study that concluded that cognitive ERPs are linked to the variation in the alleles for the Apolipoprotein E gene in mildly cognitively impaired patients [15]. This gene has been studied heavily in relation to CTE and Alzheimer’s Disease (AD), and more recently in relation to concussions and performance on neurocognitive tests such as the ImPACT [17,18]. Relatively few studies exist that examine the connection between ERPs, genetics, and concussions. Evaluating the relationship between these three factors may provide greater insight into neurocognitive performance in athletes both prior to and following a concussion. A better understanding of this interaction may enhance clinical management of concussed athletes by providing more details about the current technology used to evaluate concussions. Further, it may lead to more knowledge about how a patient’s genotype may affect performance on post-concussion evaluations. The purpose of this brief review will be to examine the evidence that supports the use of ERPs in detecting short and long-term decrements in cognitive processing that occur and to examine the possible influence of genetics on these markers.




2. Review of Event Related Potentials


The major ERP components include N1, Mismatch Negativity (MMN), the N2 family, the P3 family, and Error Related Negativity (ERN) [12]. The N1 component is generated in the auditory cortex on the dorsal side of the temporal lobes and is classified by a frontocentral component that peaks near 75 ms. N1 has a vertex-maximal potential that peaks near 100 ms and a laterally distributed component that peaks around 150 ms, and comes from the superior temporal gyrus and is attention-sensitive.



The MMN component appears when an individual has been attending to a repetition of identical stimuli and then is presented with an out-of-the ordinary stimulus. The MMN peak component is indicative of a process that compares the most recent stimuli to the sensory memory trace of previous stimuli. MMN is observed as a negative wave that is maximum size at central midline scalp sites and peaks between 160–220 ms.



N2 is the second negative wave peak of an ERP and occurs between 200 ms and 350 ms following the presentation of a stimulus [19]. An N2 deflection occurs with the onset of a repetitive, non-target stimulus. When deviant stimuli are presented, N2 amplitude increases, and this basic N2 deflection likely contains other components; Task-irrelevant deviant stimuli are thought to elicit the N2a peak (appearing first in the N2 latency range), while task-relevant deviant stimuli elicit the N2b peak.



The P3 component corresponds to the devotion of attention to significant environmental events, and records the constant refreshing of working memory [20,21,22,23]. P3 amplitude is greater when a task requires more effort, suggesting that P3 amplitude is a measure of resource allocation. Further, P3 amplitude is dependent on stimulus probability—the lower the probability of the stimulus, the greater the amplitude and the eliciting stimulus task relevance. P3 latency is thought to reflect the time necessary to evaluate the stimulus [24,25].



Two ERP components that are stimulus-locked are the ERN and the Error Related Positivity (Pe). The ERN is a peak component characterized by a negative-going deflection at the frontal and central electrode sides following the time of response. It is generally thought that the ERN corresponds to the system that monitors responses or is sensitive to conflicts between intended and actual responses [19,26]. The Pe, a less studied ERP component, appears following the ERN on error trials and is thought to be used in error monitoring [26,27]. See Figure 1 below for a visual of these representative ERP components.




3. Concussion History and Event-Related Potentials


For more comprehensive reviews of the literature regarding ERPs and their use in concussion, please see the reviews by Alderman et al. and Broglio et al. [28,29]. A study by Broglio et al. compared the ERPs of a group of young adults with a concussion history to a group without a concussion history (N = 90, 19.7 ± 1.3 years: 44 without concussion and 46 with previous concussion)—a novelty oddball task [30]. The results showed decreased N2 and P3b latencies in the group with a concussion history relative to the control group. This same sample was used in another study that used the Flanker test to measure the ERN [31]. The concussion group showed suppressed ERN responses to errors committed. More significantly, as the number of concussions increased, the ERN response decreased. Because those individuals with a concussion history were less likely to acknowledge when they had committed an error, these results suggest that persistent electrophysiological effects of concussion may exist. The findings of impaired P3 and N2 components has also been found in other studies as well [32,33,34].



Gaetz et al. studied the effects of multiple concussions in groups of hockey players using N2/P3 and CNV (Contingent Negative Variation) paradigms [35]. The results demonstrate that players with three or more concussions differed significantly on several cognitive post-concussion symptoms. These players also differed significantly for the latency of the P3 response when compared to those with no concussion history. Suppressed P3 amplitude in athletes with multiple concussions was also documented in a study by De Beaumont et al. [36]. Similarly, those who have suffered three or more concussions have been found to have a greater sustained posterior contralateral negativity and impaired working memory [37].



Ledwidge and Molfese found larger N2/P3 amplitudes in athletes with multiple concussions and longer P3b latencies [38]. A recent study by Moore et al. analyzed cognitive function in collegiate male athletes who have sustained a concussion participating in contact sports [39]. Collegiate male athletes in non-contact sports who have not sustained a concussion composed the control group. Using neuropsychological tests and a three-stimulus oddball task, they found that concussed or sub-concussed athletes displayed delayed recall deficits and concluded that concussive and sub-concussive injuries are consistent with cognitive deficits. They also found that P3a, P3b, and N1 amplitudes were decreased in sub-concussed and concussed athletes compared to controls. The results of these studies support the hypothesis that individuals with a past concussion recruit compensatory neural networks to meet critical needs of executive functioning. In addition to collegiate athletes, similar findings have been found in older populations [40] and younger populations [41,42] that have previously suffered a concussion.



These waveforms have also been connected to post-concussion symptoms. In a study done by Lavoie et al., P3b amplitude and symptomatology were inversely related, as symptomatic athletes had smaller P3b amplitudes relative to asymptomatic athletes [43]. In this study, symptom severity was determined using a concussion symptom scale that consisted of 19 of the most common post-concussion symptoms (e.g., headache, dizziness, and trouble falling asleep). Lavoie et al. concluded that the degree to which symptoms present could indicate the existence of post-concussion functional deficits.



The studies detailed above demonstrate the ability of event-related potentials, specifically that of the P3b and N2 waveforms, to detect cognitive dysfunction in those with a history of concussion. Because P3b amplitude is associated with the allocation of attentional resources to a stimulus, it is possible that the amplitude is a function of the amount of resources being employed at a specific point in time following stimulus presentation. It then follows that a decrease in amplitude post-concussion indicates that the ability to recruit neural networks needed to attend to a stimulus has been impacted. Overall, these findings suggest that concussion history may affect the amplitude or latency of ERP components, and thus EEG may prove a reliable technology for detecting and measuring underlying cognitive deficits. Impairments in cognition are often seen acutely following a concussion, and long-term deficits in cognitive function as a result of concussion are a major concern. The use of commonly used neurocognitive assessments, such as ImPACT, may not be sensitive enough to detect these changes [11]. Therefore, the examination of various ERP components maybe a useful technique for future examination of these impairments. However, the utility of ERPs while recovering from a concussion and going through stepwise progressive exercise to return-to-play has not been investigated.




4. Neurocognitive Tests and Concussion Management


One of the most widely used computerized neurocognitive tests in concussion diagnosis and management is the ImPACT [44]. ImPACT generates composite scores for verbal memory, visual memory, visual motor processing speed, and reaction time, according to six neurocognitive modules that target various aspects of cognitive functioning such as memory, attention, processing speed, and reaction time [45]. This test is generally accepted as a useful diagnostic and management measure, as the various paradigms make it difficult for patients to experience the practice effect [46].



In 2001, the first International Conference on Concussion in Sport held in Austria deemed neurocognitive testing the paramount concussion diagnostic tool and placed much promise in computerized neurocognitive test batteries regarding detection of concussions [47]. However, the conference committee speculated about the sensitivity and reliability of such tests, calling for more research to be done. A study by Teel et al. demonstrated that concussed participants were able to pass clinical concussion testing tools, such as the ImPACT, within 8 (5 ± 1) days after injury [11]. Due to the precision of EEG measures, a reduction in EEG power in concussed individuals compared to those in the non-concussed group was detected. This suggests that concussed individuals recruit additional brain networks to perform a task, making cognitive processes more effortful. While the ImPACT may be a useful neurocognitive evaluation that currently exists for its ability to measure a variety of cognitive functions and its non-repetitiveness, it is not an infallible method of diagnosing and managing a concussion, as the sensitivity of this test appears to decrease around one week post-injury. To best assess and diagnose an athlete following a head injury, it may be effective to employ electrophysiological measures, such as ERPs, in addition to neurocognitive testing.




5. Influence of Genetics on Neurocognitive Performance and ERPs


The 2001 International Symposium on Concussion in Sport first expressed interest in the manifestations of neurocognitive deficits in relation to genetic phenotype [47]. This concern is yet to be resolved, as the 2016 international conference on concussion affirmed that genetic testing for traumatic brain injury (TBI) currently has limited application to SRC, yet interest still exists regarding the role of genetics in predicting the risk of initial injury, duration of recovery, long-term neurological function following SRC, and concussion history [2]. It has been suggested that cognitive ERPs have genetically-influenced characteristics [48]. In particular, twin studies have demonstrated the potential effect of genetic factors on EEG. In a study of genetic variability in resting EEG in monozygotic and dizygotic twins, no consistent differences were seen in the EEG output of monozygotic twins, unlike that of dizygotic twins. The EEG of monozygotic twins were similar with respect to persistence, amplitude, frequency, and alpha index. The study concluded that heredity alone determines EEG variability, and that EEG relies on a multifactorial genetic system [49,50]. The genes of particular interest for their potential effect on event-related potentials are Apolipoprotein E, Catechol-O-methyltransferase, and Dopamine Receptor D2, as they have been previously suggested to influence concussion susceptibility and cognitive function [51].



5.1. Apolipoprotein E Gene


One genetic factor of particular interest is the allelic variation of the Apolipoprotein E (ApoE) gene. The ApoE gene on chromosome 19 is essential in plasma lipid metabolism. The ApoE gene has three major isoforms: e2–e4 [52]. The vast majority of scientific focus surrounds the e4 (epsilon4) allele, as its presence may affect cognitive processing [17].



Specifically, the e4 allele has been associated with an increased risk for developing Alzheimer’s Disease (AD), and, when coupled with a history of head injury, the risk of Alzheimer’s Disease may increase ten-fold [53]. Scientific inquiry is also interested in potential connections between the ApoE gene and other neurological diseases, including CTE. In a study of twelve neuropathologically confirmed cases of CTE, five (42%) cases were ε4 carriers, two (17%) of which were homozygous for the ε4 allele [4]. Other studies have used genetic testing along with neuropathological examinations of individuals with history of head trauma to conclude that approximately 57% of individuals with neuropathologically-confirmed CTE possessed at least one APOE ε4 allele [54]. In contrast with the estimated 28% of the population with at least one APOE ε4 allele present, the frequency of this allele in those with CTE appears higher than expected [55] However, it must be noted that e4 individuals in these studies that link the APOE gene to CTE comprise a selective sample and may be misrepresentative of the general population. More research must be done before this gene can be a proven marker for CTE susceptibility.



The e4 allele of the ApoE gene is also associated with decreased performance on tests of global cognitive function and episodic memory [56,57,58]. Nilsson et al. [57] found that carriers of two e4 alleles failed more profoundly in the acquisition and recollection of episodic information than did carriers of one e4 allele, who failed more than non-carriers of the e4 allele.



Crawford et al. (2002) linked the e4 allele to deficient memory performance and rehab outcome following a TBI. Athletes who have suffered an mTBI (mild traumatic brain injury) and who carry the e4 allele are more likely to experience post-concussion headache and report more severe post-concussion headache symptoms than concussed athletes who lack the e4 allele [59]. Subcommittees of the American Academy of Neurology have suggested that the e4 allele of the ApoE gene is a risk factor for chronic neurobehavioral impairment following a concussion and should be examined further [60].



In addition to cognitive function, the e4 allele has been associated with lower N2 amplitude and may be indicative of a gene-dose relationship, with e4 homozygotes exhibiting lower amplitudes than e4 heterozygotes [15]. A study done by Espeseth et al. showed that e4 homozygotes had longer N2 latencies compared to carriers of only one e4 allele (e3/e4) and e3 homozygotes [61]. ApoE genotype may be linked to cognitive impairment in individuals through the use of ERP. N2 and P3 latencies increased in cognitively impaired patients with the presence of ApoE e4 allele [62]. Green and Levey found that individuals with multiple risk factors for Alzheimer’s disease, such as family history and the e4 allele, produce significantly longer auditory N2 and P3 latencies than those with family history of AD but no ε4 allele [63]. Further, the P3 amplitude of amnestic mild cognitive impairment (aMCI) patients has demonstrated exacerbated visuospatial working memory deficits in e4 carriers in comparison to e4 non-carriers [64].



A specific single-nucleotide polymorphism (SNP) in the ApoE gene (rs405509) is commonly known as the APOE Promoter. This SNP is characterized by a T allele in lieu of a G allele, and is linked to increases concussion susceptibility ([65,66]). Individuals who are homozygous for the T allele were three times more likely to have a history of concussion as opposed to those homozygous for the G allele of the ApoE promoter. Furthermore, the possession of a T allele with the e2 or e4 isoform of the ApoE gene may exacerbate concussion susceptibility in collegiate student-athletes [65].




5.2. Catechol-O-Methyltransferase Gene


The catechol-O-methyltransferase (COMT) gene is responsible for the breakdown of dopamine and serotonin in the brain. The presence of the COMT Met allele may increase performance on tasks of executive functioning [67,68,69,70] and working memory [70,71,72]. A study by Yue et al. using a small population sample demonstrated that individuals with the Val/Met genotype exhibit poorer performance, lower P300 amplitude, and higher P300 latency than those bearing the Val/Val genotype in a continuous performance task with visual stimuli [73]. Other investigations have shown that individuals possessing the Val allele of the COMT gene have extended P300 latencies [74,75]. However, other studies provide contradictory results and have not found COMT to influence ERP components [13,16]. Despite these varying results related to ERPs, the COMT gene has been found to be related to neurocognitive performance on a baseline concussion assessment [17] and may be promising for studying the impact of genetics on ERPs.




5.3. Dopamine Receptor D2 Gene


It has been suggested that the dopamine receptor D2 (DRD2) be examined in relation to concussions, because it has been hypothesized to effect executive function and possibly be related to Alzheimer’s disease [51]. A study done by Lin using an auditory oddball paradigm found no association between DRD2 and P300 latency [14]. Further examination of the influence of DRD2 as a candidate gene exploring relationships between executive function and concussion history, although much further work would be needed.



More research must be done on the effects of ApoE, COMT, and DRD2 on ERP before EEG technology can be used in conjunction with genetics as a concussion evaluation and management tool. Additionally, research is needed to demonstrate that there is a link between concussion history, genetics and ERP components, and until this link is made, any recommendations should be made with caution. However, if these relationships can be confirmed, these genes could serve as useful biomarkers in concussion management for their potential relation to cognitive function.





6. Conclusions


In order to confirm the relationships hypothesized in this paper, future studies could focus on incorporating possibly more sensitive measures of cognitive function such as those provided by ERPs and genetics into the diagnosis and management of sports-related concussions, but also may be important in determining long-term implications of concussions in athletes. Studies could be conducted that examine ERP components during recovery and while returning-to-play. Additionally, a more thorough understanding of the influence of type of task and the ERP components elicited need to be undertaken. McDevitt & Krynetskiy have suggested genotyping of athletes as a potential method for clinicians to improve concussion management and return-to-play decisions [76]. Specifically, studies could be done regarding the COMT and DRD2 as potential candidate genes in relation to concussion, as previous studies have linked these genes to significant anomalies in cognitive function and ERP components [13,17,73,74,75]. Moreover, the alleles of the ApoE gene, specifically e4, could be further researched for an effect on post-concussion cognitive dysfunction due it their potential connection to Alzheimer’s disease and CTE. Studies suggest that the presence of the e4 allele may affect baseline neurocognitive performance as measured by the ImPACT [17]. However, few studies, if any, exist that have examined the presence of the e4 allele on neurocognitive performance using tests like ImPACT and ERP following a concussion. This method would offer further insight into neurocognitive functioning on a thorough and specific basis. If specific alleles can be associated with performance on ImPACT and ERP, concussion diagnosis and management could be better predicted and possibly tailored to individuals of certain genotypes.







Author Contributions


All three authors, T.G., C.J.K. and E.E.H. contributed to the conception, writing and revising of the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Langlois, J.A.; Rutland-Brown, W.; Wald, M.M. The epidemiology and impact of traumatic brain injury: A brief overview. J. Head Trauma Rehabil. 2006, 21, 375–378. [Google Scholar] [CrossRef] [PubMed]

	



McCrory, P.; Meeuwisse, W.; Dvořák, J.; Aubry, M.; Bailes, J.; Broglio, S.; Cantu, R.C.; Cassidy, D.; Echemendia, R.J.; Castellani, R.J.; et al. Consensus statement on concussion in sport—The 5th international conference on concussion in sport held in Berlin, October 2016. Br. J. Sports Med. 2017, 51, 838–847. [Google Scholar] [CrossRef] [PubMed]

	



McKee, A.C.; Cantu, R.C.; Nowinski, C.J.; Hedley-Whyte, E.T.; Gavett, B.E.; Budson, A.E.; Santini, V.E.; Lee, H.-S.; Kubilus, C.A.; Stern, R.A. Chronic Traumatic Encephalopathy in Athletes: Progressive Tauopathy after Repetitive Head Injury. J. Neuropathol. Exp. Neurol. 2009, 68, 709–735. [Google Scholar] [CrossRef] [PubMed]

	



McKee, A.C.; Gavett, B.E.; Stern, R.A.; Nowinski, C.J.; Cantu, R.C.; Kowall, N.W.; Perl, D.P.; Hedley-Whyte, E.T.; Price, B.; Sullivan, C.; et al. TDP-43 Proteinopathy and Motor Neuron Disease in Chronic Traumatic Encephalopathy. J. Neuropathol. Exp. Neurol. 2010, 69, 918–929. [Google Scholar] [CrossRef] [PubMed]

	



Omalu, B.; Bailes, J.; Hamilton, R.L.; Kamboh, M.I.; Hammers, J.; Case, M.; Fitzsimmons, R. Emerging Histomorphologic Phenotypes of Chronic Traumatic Encephalopathy in American Athletes. Neurosurgery 2011, 69, 173–183. [Google Scholar] [CrossRef] [PubMed]

	



Hazrati, L.-N.; Tartaglia, M.C.; Diamandis, P.; Davis, K.D.; Green, R.E.; Wennberg, R.; Wong, J.C.; Ezerins, L.; Tator, C.H. Absence of chronic traumatic encephalopathy in retired football players with multiple concussions and neurological symptomatology. Front. Hum. Neurosci. 2013, 7. [Google Scholar] [CrossRef] [PubMed]

	



Omalu, B.I.; DeKosky, S.T.; Minster, R.L.; Kamboh, M.I.; Hamilton, R.L.; Wecht, C.H. Chronic traumatic encephalopathy in a National Football League player. Neurosurgery 2005, 57, 128–134. [Google Scholar] [CrossRef] [PubMed]

	



Omalu, B.I.; Fitzsimmons, R.P.; Hammers, J.; Bailes, J. Chronic traumatic encephalopathy in a professional American wrestler. J. Forensic. Nurs. 2010, 6, 130–136. [Google Scholar] [CrossRef] [PubMed]

	



Mez, J.; Daneshvar, D.H.; Kiernan, P.T.; Abdolmohammadi, B.; Alvarez, V.E.; Huber, B.R.; Alosco, M.L.; Solomon, T.M.; Nowinski, C.J.; McHale, L.; et al. Clinicopathological Evaluation of Chronic Traumatic Encephalopathy in Players of American Football. JAMA 2017, 318, 360–370. [Google Scholar] [CrossRef] [PubMed]

	



Broglio, S.P.; Cantu, R.C.; Gioia, G.A.; Guskiewicz, K.M.; Kutcher, J.; Palm, M.; McLeod, T.C.V.; National Athletic Trainer’s Association. National Athletic Trainers’ Association position statement: Management of sport concussion. J. Athl. Train. 2014, 49, 245–265. [Google Scholar] [CrossRef] [PubMed]

	



Teel, E.F.; Ray, W.J.; Geronimo, A.M.; Slobounov, S.M. Residual alterations of brain electrical activity in clinically asymptomatic concussed individuals: An EEG study. Clin. Neurophysiol. Off. J. Int. Fed. Clin. Neurophysiol. 2014, 125, 703–707. [Google Scholar] [CrossRef] [PubMed]

	



Luck, S.J. An Introduction to the Event-Related Potential Technique, 2nd ed.; A Bradford Book: Cambridge, MA, USA, 2014; ISBN 978-0-262-52585-5. [Google Scholar]

	



Bender, S.; Rellum, T.; Freitag, C.; Resch, F.; Rietschel, M.; Treutlein, J.; Jennen-Steinmetz, C.; Brandeis, D.; Banaschewski, T.; Laucht, M. Time-Resolved Influences of Functional DAT1 and COMT Variants on Visual Perception and Post-Processing. PLoS ONE 2012, 7, e41552. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lin, C.-H.; Yu, Y.W.-Y.; Chen, T.-J.; Tsai, S.-J.; Hong, C.-J. Association analysis for dopamine D2 receptor Taq 1 polymorphism with P300 event-related potential for normal young females. Psychiatr. Genet. 2001, 11, 165–168. [Google Scholar] [CrossRef] [PubMed]

	



Reinvang, I.; Espeseth, T.; Gjerstad, L. Cognitive ERPs are related to ApoE allelic variation in mildly cognitively impaired patients. Neurosci. Lett. 2005, 382, 346–351. [Google Scholar] [CrossRef] [PubMed]

	



Spronk, D.B.; Veth, C.P.M.; Arns, M.; Schofield, P.R.; Dobson-Stone, C.; Ramaekers, J.G.; Franke, B.; de Bruijn, E.R.A.; Verkes, R.J. DBH–1021C>T and COMT Val108/158Met genotype are not associated with the P300 ERP in an auditory oddball task. Clin. Neurophysiol. 2013, 124, 909–915. [Google Scholar] [CrossRef] [PubMed]

	



Cochrane, G.D.; Sundman, M.H.; Hall, E.E.; Kostek, M.C.; Patel, K.; Barnes, K.P.; Ketcham, C.J. Genetics Influence Neurocognitive Performance at Baseline but Not Concussion History in Collegiate Student-Athletes. Clin. J. Sport Med. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Mark, H. Sundman Eric E Hall Examining the Relationship between Head Trauma and Neurodegenerative Disease: A Review of Epidemiology, Pathology and Neuroimaging Techniques. J. Alzheimers Dis. Park. 2014, 4. [Google Scholar] [CrossRef]

	



Folstein, J.R.; Van Petten, C. Influence of cognitive control and mismatch on the N2 component of the ERP: A review. Psychophysiology 2008, 45, 152–170. [Google Scholar] [CrossRef] [PubMed]

	



Courchesne, E.; Hillyard, S.A.; Galambos, R. Stimulus novelty, task relevance and the visual evoked potential in man. Electroencephalogr. Clin. Neurophysiol. 1975, 39, 131–143. [Google Scholar] [CrossRef]

	



Debener, S.; Ullsperger, M.; Siegel, M.; Fiehler, K.; von Cramon, D.Y.; Engel, A.K. Trial-by-Trial Coupling of Concurrent Electroencephalogram and Functional Magnetic Resonance Imaging Identifies the Dynamics of Performance Monitoring. J. Neurosci. 2005, 25, 11730–11737. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, D.; Cycowicz, Y.M.; Gaeta, H. The novelty P3: An event-related brain potential (ERP) sign of the brain’s evaluation of novelty. Neurosci. Biobehav. Rev. 2001, 25, 355–373. [Google Scholar] [CrossRef]

	



Goldstein, A.; Spencer, K.M.; Donchin, E. The influence of stimulus deviance and novelty on the P300 and Novelty P3. Psychophysiology 2002, 39, 781–790. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, R.; Donchin, E. P300 and Stimulus Categorization: Two Plus One is not so Different from One Plus One. Psychophysiology 1980, 17, 167–178. [Google Scholar] [CrossRef] [PubMed]

	



Verleger, R. On the utility of P3 latency as an index of mental chronometry. Psychophysiology 1997, 34, 131–156. [Google Scholar] [CrossRef] [PubMed]

	



Nieuwenhuis, S.; Ridderinkhof, K.R.; Blom, J.; Band, G.P.; Kok, A. Error-related brain potentials are differentially related to awareness of response errors: Evidence from an antisaccade task. Psychophysiology 2001, 38, 752–760. [Google Scholar] [CrossRef] [PubMed]

	



Falkenstein, M.; Hoormann, J.; Christ, S.; Hohnsbein, J. ERP components on reaction errors and their functional significance: A tutorial. Biol. Psychol. 2000, 51, 87–107. [Google Scholar] [CrossRef]

	



Alderman, B.L.; Bixby, W.R.; Olson, R.L. Using event-related potentialss to assess neurocognitive impairments following sports-related concussions. In Concussion in Athletics: Assessment, Management and Emerging Issues; Neuroscience Research Progress; Nova Biomedical: New York, NY, USA, 2017; pp. 127–141. [Google Scholar]

	



Broglio, S.P.; Moore, R.D.; Hillman, C.H. A history of sport-related concussion on event-related brain potential correlates of cognition. Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol. 2011, 82, 16–23. [Google Scholar] [CrossRef] [PubMed]

	



Broglio, S.P.; Pontifex, M.B.; O’Connor, P.; Hillman, C.H. The Persistent Effects of Concussion on Neuroelectric Indices of Attention. J. Neurotrauma 2009, 26, 1463–1470. [Google Scholar] [CrossRef] [PubMed]

	



Pontifex, M.B.; O’Connor, P.M.; Broglio, S.P.; Hillman, C.H. The association between mild traumatic brain injury history and cognitive control. Neuropsychologia 2009, 47, 3210–3216. [Google Scholar] [CrossRef] [PubMed]

	



Moore, R.D.; Hillman, C.H.; Broglio, S.P. The persistent influence of concussive injuries on cognitive control and neuroelectric function. J. Athl. Train. 2014, 49, 24–35. [Google Scholar] [CrossRef] [PubMed]

	



Parks, A.C.; Moore, R.D.; Wu, C.-T.; Broglio, S.P.; Covassin, T.; Hillman, C.H.; Pontifex, M.B. The association between a history of concussion and variability in behavioral and neuroelectric indices of cognition. Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol. 2015, 98, 426–434. [Google Scholar] [CrossRef] [PubMed]

	



Thériault, M.; De Beaumont, L.; Gosselin, N.; Filipinni, M.; Lassonde, M. Electrophysiological abnormalities in well functioning multiple concussed athletes. Brain Inj. 2009, 23, 899–906. [Google Scholar] [CrossRef] [PubMed]

	



Gaetz, M.; Goodman, D.; Weinberg, H. Electrophysiological evidence for the cumulative effects of concussion. Brain Inj. 2000, 14, 1077–1088. [Google Scholar] [CrossRef] [PubMed]

	



Beaumont, L.D.; Brisson, B.; Lassonde, M.; Jolicoeur, P. Long-term electrophysiological changes in athletes with a history of multiple concussions. Brain Inj. 2007, 21, 631–644. [Google Scholar] [CrossRef] [PubMed]

	



Theriault, M.; De Beaumont, L.; Tremblay, S.; Lassonde, M.; Jolicoeur, P. Cumulative effects of concussions in athletes revealed by electrophysiological abnormalities on visual working memory. J. Clin. Exp. Neuropsychol. 2011, 33, 30–41. [Google Scholar] [CrossRef] [PubMed]

	



Ledwidge, P.S.; Molfese, D.L. Long-Term Effects of Concussion on Electrophysiological Indices of Attention in Varsity College Athletes: An Event-Related Potential and Standardized Low-Resolution Brain Electromagnetic Tomography Approach. J. Neurotrauma 2016, 33, 2081–2090. [Google Scholar] [CrossRef] [PubMed]

	



Moore, R.D.; Lepine, J.; Ellemberg, D. The independent influence of concussive and sub-concussive impacts on soccer players’ neurophysiological and neuropsychological function. Int. J. Psychophysiol. 2017, 112, 22–30. [Google Scholar] [CrossRef] [PubMed]

	



De Beaumont, L.; Théoret, H.; Mongeon, D.; Messier, J.; Leclerc, S.; Tremblay, S.; Ellemberg, D.; Lassonde, M. Brain function decline in healthy retired athletes who sustained their last sports concussion in early adulthood. Brain J. Neurol. 2009, 132, 695–708. [Google Scholar] [CrossRef] [PubMed]

	



Moore, D.R.; Pindus, D.M.; Raine, L.B.; Drollette, E.S.; Scudder, M.R.; Ellemberg, D.; Hillman, C.H. The persistent influence of concussion on attention, executive control and neuroelectric function in preadolescent children. Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol. 2016, 99, 85–95. [Google Scholar] [CrossRef] [PubMed]

	



Moore, R.D.; Pindus, D.M.; Drolette, E.S.; Scudder, M.R.; Raine, L.B.; Hillman, C.H. The persistent influence of pediatric concussion on attention and cognitive control during flanker performance. Biol. Psychol. 2015, 109, 93–102. [Google Scholar] [CrossRef] [PubMed]

	



Lavoie, M.E.; Dupuis, F.; Johnston, K.M.; Leclerc, S.; Lassonde, M. Visual P300 Effects Beyond Symptoms in Concussed College Athletes. J. Clin. Exp. Neuropsychol. 2004, 26, 55–73. [Google Scholar] [CrossRef] [PubMed]

	



Van Kampen, D.A.; Lovell, M.R.; Pardini, J.E.; Collins, M.W.; Fu, F.H. The “Value Added” of Neurocognitive Testing after Sports-Related Concussion. Am. J. Sports Med. 2006, 34, 1630–1635. [Google Scholar] [CrossRef] [PubMed]

	



Schatz, P.; Pardini, J.E.; Lovell, M.R.; Collins, M.W.; Podell, K. Sensitivity and specificity of the ImPACT Test Battery for concussion in athletes. Arch. Clin. Neuropsychol. 2006, 21, 91–99. [Google Scholar] [CrossRef] [PubMed]

	



Lovell, M.R.; Pardini, J.E.; Welling, J.; Collins, M.W.; Bakal, J.; Lazar, N.; Roush, R.; Eddy, W.F.; Becker, J.T. Functional brain abnormalities are related to clinical recovery and time to return-to-play in athletes. Neurosurgery 2007, 61, 352–359. [Google Scholar] [CrossRef] [PubMed]

	



Aubry, M.; Cantu, R.; Dvorak, J.; Graf-Baumann, T.; Johnston, K.; Kelly, J.; Lovell, M.; McCrory, P.; Meeuwisse, W.; Schamasch, P. Summary and agreement statement of the first International Conference on Concussion in Sport, Vienna 2001. Br. J. Sports Med. 2002, 36, 6–7. [Google Scholar] [CrossRef] [PubMed]

	



Winterer, G.; Mahlberg, R.; Smolka, M.N.; Samochowiec, J.; Ziller, M.; Rommelspacher, H.-P.; Herrmann, W.M.; Schmidt, L.G.; Sander, T. Association analysis of exonic variants of the GABA(B)-receptor gene and alpha electroencephalogram voltage in normal subjects and alcohol-dependent patients. Behav. Genet. 2003, 33, 7–15. [Google Scholar] [CrossRef] [PubMed]

	



Vogel, F. Ergänzende Untersuchungen zur Genetik des menschlichen Niederspannungs-EEG. Dtsch. Z. Für Nervenheilkd. 1962, 184, 105–111. [Google Scholar] [CrossRef]

	



Vogel, F. Untersuchungen zur Genetik der β-Wellen im EEG des Menschen. Dtsch. Z. Für Nervenheilkd. 1962, 184, 137–173. [Google Scholar] [CrossRef]

	



Jordan, B.D. Genetic Influences on Outcome Following Traumatic Brain Injury. Neurochem. Res. 2007, 32, 905–915. [Google Scholar] [CrossRef] [PubMed]

	



Mahley, R.W.; Weisgraber, K.H.; Huang, Y. Apolipoprotein E4: A causative factor and therapeutic target in neuropathology, including Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2006, 103, 5644–5651. [Google Scholar] [CrossRef] [PubMed]

	



Mayeux, R.; Ottman, R.; Maestre, G.; Ngai, C.; Tang, M.-X.; Ginsberg, H.; Chun, M.; Tycko, B.; Shelanski, M. Synergistic Effects of Traumatic Head Injury and Apolipoprotein-epsilon4 in Patients With Alzheimer’s Disease. Neurology 1995, 45, 555–557. [Google Scholar] [CrossRef] [PubMed]

	



Gavett, B.E.; Stern, R.A.; McKee, A.C. Chronic Traumatic Encephalopathy: A Potential Late Effect of Sport-Related Concussive and Subconcussive Head Trauma. Clin. Sports Med. 2011, 30, 179–188. [Google Scholar] [CrossRef] [PubMed]

	



Hill, J.M.; Bhattacharjee, P.S.; Neumann, D.M. Apolipoprotein E alleles can contribute to the pathogenesis of numerous clinical conditions including HSV-1 corneal disease. Exp. Eye Res. 2007, 84, 801–811. [Google Scholar] [CrossRef] [PubMed]

	



Adamson, M.M.; Landy, K.M.; Duong, S.; Fox-Bosetti, S.; Ashford, J.W.; Murphy, G.M.; Weiner, M.; Taylor, J.L. Apolipoprotein E ε4 influences on episodic recall and brain structures in aging pilots. Neurobiol. Aging 2010, 31, 1059–1063. [Google Scholar] [CrossRef] [PubMed]

	



Nilsson, L.-G.; Adolfsson, R.; Bäckman, L.; Cruts, M.; Nyberg, L.; Small, B.J.; Van Broeckoven, C. The influence of APOE status on episodic and semantic memory: Data from a population-based study. Neuropsychology 2006, 20, 645–657. [Google Scholar] [CrossRef] [PubMed]

	



Schultz, M.R.; Lyons, M.J.; Franz, C.E.; Grant, M.D.; Boake, C.; Jacobson, K.C.; Xian, H.; Schellenberg, G.D.; Eisen, S.A.; Kremen, W.S. Apolipoprotein E genotype and memory in the sixth decade of life. Neurology 2008, 70, 1771–1777. [Google Scholar] [CrossRef] [PubMed]

	



Merritt, V.C.; Ukueberuwa, D.M.; Arnett, P.A. Relationship between the apolipoprotein E gene and headache following sports-related concussion. J. Clin. Exp. Neuropsychol. 2016, 38, 941–949. [Google Scholar] [CrossRef] [PubMed]

	



Giza, C.C.; Kutcher, J.S.; Ashwal, S.; Barth, J.; Getchius, T.S.D.; Gioia, G.A.; Gronseth, G.S.; Guskiewicz, K.; Mandel, S.; Manley, G.; et al. Summary of evidence-based guideline update: Evaluation and management of concussion in sports. Neurology 2013, 80, 2250–2257. [Google Scholar] [CrossRef] [PubMed]

	



Espeseth, T.; Rootwelt, H.; Reinvang, I. Apolipoprotein E modulates auditory event-related potentials in healthy aging. Neurosci. Lett. 2009, 459, 91–95. [Google Scholar] [CrossRef] [PubMed]

	



Cintra, M.T.G.; Ávila, R.T.; Soares, T.O.; Cunha, L.C.M.; Silveira, K.D.; de Moraes, E.N.; Simas, K.R.; Fernandes, R.B.; Gonçalves, D.U.; de Rezende, N.A.; et al. Increased N200 and P300 latencies in cognitively impaired elderly carrying ApoE ε-4 allele. Int. J. Geriatr. Psychiatry 2017. [Google Scholar] [CrossRef] [PubMed]

	



Green, J.; Levey, A.I. Event-related potential changes in groups at increased risk for Alzheimer disease. Arch. Neurol. 1999, 56, 1398–1403. [Google Scholar] [CrossRef] [PubMed]

	



Gu, L. The effect of apolipoprotein E ε4 (APOE E4) on visuospatial working memory in healthy elders and amnestic mild cognitive impairment patients: An event-related potentials study. Eur. Psychiatry 2017, 41, S171–S172. [Google Scholar] [CrossRef]

	



Terrell, T.R.; Bostick, R.M.; Barth, J.; McKeag, D.; Cantu, R.C.; Sloane, R.; Galloway, L.; Erlanger, D.; Valentine, V.; Bielak, K. Genetic polymorphisms, concussion risk, and post concussion neurocognitive deficits in college and high school athletes. Br. J. Sports Med. 2013, 47, e1. [Google Scholar] [CrossRef]

	



Terrell, T.R.; Bostick, R.M.; Abramson, R.; Xie, D.; Barfield, W.; Cantu, R.; Stanek, M.; Ewing, T. APOE, APOE Promoter, and Tau Genotypes and Risk for Concussion in College Athletes. Clin. J. Sport Med. 2008, 18, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Barnett, J.H.; Heron, J.; Ring, S.M.; Golding, J.; Goldman, D.; Xu, K.; Jones, P.B. Gender-Specific Effects of the Catechol-O-Methyltransferase Val 108/158 Met Polymorphism on Cognitive Function in Children. Am. J. Psychiatry 2007, 164, 142–149. [Google Scholar] [CrossRef] [PubMed]

	



Egan, M.F.; Goldberg, T.E.; Kolachana, B.S.; Callicott, J.H.; Mazzanti, C.M.; Straub, R.E.; Goldman, D.; Weinberger, D.R. Effect of COMT Val108/158 Met genotype on frontal lobe function and risk for schizophrenia. Proc. Natl. Acad. Sci. USA 2001, 98, 6917–6922. [Google Scholar] [CrossRef] [PubMed]

	



Joober, R.; Gauthier, J.; Lal, S.; Bloom, D.; Lalonde, P.; Rouleau, G.; Benkelfat, C.; Labelle, A. Catechol-O-Methyltransferase Val-108/158-Met Gene Variants Associated With Performance on the Wisconsin Card Sorting Test. Arch. Gen. Psychiatry 2002, 59, 662–663. [Google Scholar] [CrossRef] [PubMed]

	



Tunbridge, E.M.; Harrison, P.J.; Weinberger, D.R. Catechol-O-Methyltransferase, Cognition, and Psychosis: Val158Met and Beyond. Biol. Psychiatry 2006, 60, 141–151. [Google Scholar] [CrossRef] [PubMed]

	



Bruder, G.E.; Keilp, J.G.; Xu, H.; Shikhman, M.; Schori, E.; Gorman, J.M.; Gilliam, T.C. Catechol-O-Methyltransferase (COMT) Genotypes and Working Memory: Associations with Differing Cognitive Operations. Biol. Psychiatry 2005, 58, 901–907. [Google Scholar] [CrossRef] [PubMed]

	



Goldberg, T.E.; Egan, M.F.; Gscheidle, T.; Coppola, R.; Weickert, T.; Kolachana, B.S.; Goldman, D.; Weinberger, D.R. Executive Subprocesses in Working Memory: Relationship to Catechol-O-methyltransferase Val158Met Genotype and Schizophrenia. Arch. Gen. Psychiatry 2003, 60, 889–896. [Google Scholar] [CrossRef] [PubMed]

	



Yue, C.; Wu, T.; Deng, W.; Wang, G.; Sun, X. Comparison of visual evoked-related potentials in healthy young adults of different catechol-O-methyltransferase genotypes in a continuous 3-back task. NeuroReport 2009, 20, 521–524. [Google Scholar] [CrossRef] [PubMed]

	



Kang, C.; Xu, X.; Liu, H.; Yang, J. Association study of catechol-O-methyltransferase (COMT) gene Val158Met polymorphism with auditory P300 in Chinese Han patients with schizophrenia. Psychiatry Res. 2010, 180, 153–155. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, S.J.; Yu, Y.W.-Y.; Chen, T.J.; Chen, J.Y.; Liou, Y.J.; Chen, M.C.; Hong, C.J. Association study of a functional catechol-O-methyltransferase-gene polymorphism and cognitive function in healthy females. Neurosci. Lett. 2003, 338, 123–126. [Google Scholar] [CrossRef]

	



McDevitt, J.; Krynetskiy, E. Genetic findings in sport-related concussions: Potential for individualized medicine? Concussion 2017, 2, 1. [Google Scholar] [CrossRef]








[image: Sports 06 00005 g001 550] 





Figure 1. Examples of ERP components. Figure 1a shows common stimulus-locked components of the ERP. Figure 1b demonstrates stimulus-locked components of the ERP. ERN = Error Related Negativity; Pe = Error Related Positivity (Figure reprinted with permission from Nova Science Publishers, Inc. Reprinted from: Concussion in Athletics: Assessment, Management and Emerging Issues, by Alderman, Bixby & Olson, Chapter 9: Using Event-Related Potentials to Assess Neurocognitive Impairments Following Sports-Related Concussions, 2017, pp. 127–142.) [28]. 
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