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Abstract
Over the past several years, sports-related concussion has become a topic of increasing
interest and many efforts have been made to study not only the consequences of the injury, but
also to more specifically understand the factors that contribute to the heterogeneity in recovery
rates and outcome following concussion. Many studies have hypothesized a variety of
possibilities to account for this observed heterogeneity, but few studies have addressed the role
of genetics. There is some evidence in the broader traumatic brain injury (TBI) literature to
suggest that the ϵ4 allele of the apolipoprotein E (APOE) gene may be linked to unfavorable
outcome following brain injury, but this relationship has not been carefully explored in the
context of sports concussion. The purpose of this dissertation was to examine whether the APOE
gene influences neuropsychological outcomes following sports-related concussion in collegiate
athletes. Having knowledge of potential risk factors that are associated with brain injury outcome
has significant implications for athletes’ safety and well-being and could facilitate the
development of safer and more efficient return to play guidelines. Three empirical studies were
conducted, each focusing on a unique aspect critical to the assessment and evaluation of sportsrelated concussion. Paper 1 examined the relationship between the APOE ϵ4 allele and postconcussion symptom reporting. Paper 2 evaluated the extent to which the ϵ4 allele is associated
with the presence and severity of headache in concussed and non-concussed athletes. Paper 3
studied neurocognitive functioning in concussed athletes to determine whether athletes with and
without an ϵ4 allele differ in their neurocognitive profiles. The general hypothesis for the
dissertation was that having an ϵ4 allele would be associated with increased symptom-reporting
and poorer neurocognitive functioning following concussion.
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Chapter 1. Introduction & Overview

Over the past several years, sports-related concussion has become a topic of increasing
interest, and many efforts have been made to study not only the consequences of the injury, but
also to more specifically understand the nature and course of recovery following concussion.
Although concussions are, by definition, “mild” traumatic brain injuries, it has been well
established that a variety of clinically meaningful sequelae develop following concussion. Some
of the most common post-concussion symptoms include dizziness, headache, visual disturbance,
feeling mentally foggy or slowed down, problems with attention and concentration, drowsiness,
and fatigue (Guskiewicz, Weaver, Padua, & Garrett, 2000; Kontos et al., 2012; Lovell et al.,
2006). Additionally, neuropsychological testing has revealed a range of cognitive performance
deficits in concussed athletes, including impairments in learning and memory, attention,
processing speed, and on tasks of executive functioning (Covassin, Elbin, Harris, Parker, &
Kontos, 2012; Echemendia, Putukian, Mackin, Julian, & Shoss, 2001; McClincy, Lovell, Pardini,
Collins, & Spore, 2006). Although many athletes return to baseline levels of cognitive
functioning and experience symptom resolution within one to two weeks post-injury (Iverson,
Brooks, Collins, & Lovell, 2006; McClincy et al., 2006; McCrea et al., 2003), other athletes
experience ongoing cognitive deficits and remain symptomatic for several weeks or even months
following their injury (Lau, Collins, & Lovell, 2011, 2012; Meehan III, d’Hemecourt, &
Comstock, 2010).
Many studies within and outside of the sports concussion literature have hypothesized a
variety of possibilities to explain the heterogeneity in recovery rates and outcome following
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concussion, or mild traumatic brain injury (TBI). To date, demographic factors such as age,
gender, and history of concussion (Broshek et al., 2005; Field, Collins, Lovell, & Maroon, 2003;
Guskiewicz et al., 2003; Pellman, Lovell, Viano, & Casson, 2006; Ponsford et al., 2000), as well
as pre-morbid or pre-injury factors such as cognitive functioning, psychological/emotional wellbeing, and personality characteristics (Cicerone & Kalmar, 1997; Merritt & Arnett, 2014;
Ponsford et al., 2012; Ponsford et al., 2000) have been examined as predictors of post-concussion
outcomes. Furthermore, injury-specific factors such as the mechanism of injury, the nature or
force of the impact/biomechanics of the injury, and the presence and duration of loss of
consciousness and retrograde or anterograde amnesia (Lange et al., 2013; Lau, Kontos, Collins,
Mucha, & Lovell, 2011; McCrea et al., 2013; Merritt, Rabinowitz, & Arnett, 2015) have also
been evaluated as potential contributors to recovery and outcomes following brain injury. Yet,
despite these numerous pursuits, there still remain unanswered questions regarding the
phenomenon of disparate outcomes following what seem to be similar concussive injuries.
Examining the role of genetics is a relatively new area of investigation that may hold
promise for better understanding the heterogeneity in recovery patterns following concussion/
TBI. McAllister (2009) has proposed that there are a number of ways in which genes affect
one’s response to neurotrauma; these include having an influence on (1) the extent of the injury,
(2) the repair or recovery processes following injury, (3) pre-morbid functioning, and (4) the
existence or development of neurobehavioral disorders. While our current understanding of how
genetics affect each of these domains is still in its infancy, a growing body of literature has
started to examine specific genes that may be involved in the repair/recovery process following
brain injury. Additionally, researchers have begun to examine how genes may influence premorbid functioning prior to neurological insult such as TBI.
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To date, the apolipoprotein E (APOE) gene has been the most widely studied gene with
respect to its role in recovery and outcome following TBI (Dardiotis et al., 2010; Jordan, 2007).
However, much of the research on the APOE gene thus far has focused on patients with more
severe brain injuries, and a primary emphasis has been on examining global outcomes as
opposed to more specific sequelae of concussion outcome. Other genes that have been linked to
the repair/recovery process following TBI include brain-derived neurotrophic factor (BDNF) and
the serotonin transporter gene (5-HTT; McAllister, 2009).
With respect to the genes implicated in pre-morbid functioning, a potential candidate
gene that has emerged in recent years is the catechol-o-methyltransferase (COMT) gene. The
COMT gene is involved in the production of the COMT enzyme, which is responsible for the
metabolic degradation of catecholamines such as dopamine (Dickinson & Elvevåg, 2009; Savitz,
Solms, & Ramesar, 2006; Weinberger et al., 2001). It is well understood that dopamine plays an
integral role in modulating cognitive functioning, especially processes that are mediated by the
frontal cortex (Cools & D'Esposito, 2011; Cropley, Fujita, Innis, & Nathan, 2006). At present,
however, the COMT gene has not been widely studied in brain injured populations, but a
considerable amount of research has examined the role of the gene on neuropsychological
outcome in patients with schizophrenia (Diaz-Asper et al., 2008; Egan et al., 2001; Goldberg et
al., 2003), as well as healthy populations (Aguilera et al., 2008; Malhotra et al., 2002). Since
similar cognitive processes (i.e., frontal cognitive functions) are impacted as a result of brain
injury, COMT may be an important gene to explore in the context of TBI. Additional genes
associated with pre-morbid functioning are the dopamine D2 receptor (DRD2), the dopamine
transporter gene (DAT), the norepinephrine transporter gene (NET), and the dopamine beta
hydroxylase gene (DBH; McAllister, 2009; Wilson & Montgomery). Although many of these
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genes have not been extensively studied within the TBI literature, each has been proposed as a
promising candidate gene to further understand the relationship between genetic factors and TBI.
Given the perplexing phenomenon of differential recovery rates and outcomes following
TBI, it would be beneficial to learn more about the extent to which genetic factors influence
outcome characteristics. Although researchers have started to examine associations between
specific genes and their influence on outcome from brain injury, this topic has received little
attention within the sports-concussion literature. It would be clinically meaningful, however, to
have a better understanding of those at risk for developing post-concussion symptoms and
neurocognitive impairments following concussions, as these deficits likely indicate underlying
brain dysfunction, and in the context of sports injuries, often preclude athletes from returning to
play (McCrory et al., 2013).
The purpose of this dissertation was to identify the extent to which genetic factors
influence neuropsychological outcomes following sports-related concussion, and to more
precisely determine how the APOE gene influences specific concussion sequelae. Paper topics
and aims are described below. Ultimately, the goal of this project was to better explicate how
the APOE gene contributes to the differential recovery patterns that are frequently observed
following concussion. Having knowledge of potential risk and protective factors that are
associated with brain injury outcome has significant implications for not only athletes’ safety and
well-being, but also to the broader community as a whole, including military and civilian
populations.

5
Specific Paper Topics & Aims

Paper 1: Apolipoprotein E (APOE) ϵ4 Allele is Associated with Increased Symptom Reporting
Following Sports Concussion

The aim of Paper 1 was to determine how the ϵ4 allele of the APOE gene influences
symptom reporting following concussion. Several symptom-related variables were examined,
including the total symptom score, global symptom indices, and symptom clusters. The
symptom profiles of concussed athletes with and without the ϵ4 allele were compared to
determine whether differences exist between the allele groups. Additionally, the proportion of
participants in each allele group who showed a significant increase in symptoms post-injury was
calculated, and the groups were compared to determine whether there was a difference in the
proportion of athletes in each allele group who showed increases in symptoms post-injury.

Paper 2: Relationship Between the Apolipoprotein E (APOE) Gene and Headache in Concussed
and Non-Concussed College Athletes

The aim of Paper 2 was to determine whether the ϵ4 allele of the APOE gene influences
the presence and severity of post-concussion headache. The “headache” symptom from the PostConcussion Symptom Scale (PCSS) was the primary outcome variable. Concussed athletes were
divided into two groups based on their ϵ4 allele status (ϵ4 present, ϵ4 absent) and the groups were
compared to determine whether there were differences in the frequency and severity of postconcussion headache. A secondary aim of the study was to examine headache symptoms in a
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healthy, non-concussed athlete group to determine whether there is a relationship between the ϵ4
allele and headache in the absence of a recent concussion.

Paper 3: The Influence of the Apolipoprotein E (APOE) Gene on Post-Concussion
Neurocognitive Performance in College Athletes

The aim of Paper 3 was to determine how the ϵ4 allele of the APOE gene influences
neurocognitive performance following concussion. Concussed athletes were divided into two
groups based on the presence or absence of the ϵ4 allele and the groups were compared to
determine whether there were differences in neurocognitive performance with respect to (1)
mean level performance on neurocognitive composite variables, (2) the number of impaired
scores obtained following concussion, and (3) performance variability. Another aim of the study
was to evaluate and compare the neurocognitive performance of concussed athletes to healthy
controls (non-concussed athletes) across ϵ4 allele groups to see how these groups differ with
respect to their neurocognitive performance.
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Chapter 2. Paper 1: Apolipoprotein E (APOE) ϵ4 Allele is Associated with Increased Symptom
Reporting Following Sports Concussion

A number of theories have been proposed to explain the heterogeneity in recovery rates
and outcome following traumatic brain injury (TBI). Given the complexity of the sequelae of
these injuries, there does not yet appear to be a ready explanation that can account for the
widespread variability in outcome observed after TBI. However, genetic factors may hold clues.
There is growing evidence that the apolipoprotein E (APOE) gene may be linked to outcome
following brain injury (Dardiotis et al., 2010; Jordan, 2007). APOE is a protein that is
predominantly involved in the transportation of lipid molecules across tissues such as the central
nervous system. A central function of APOE is to maintain and restore neuronal membranes and
tissue after they have been compromised (Dardiotis et al., 2010). The APOE gene, located on
chromosome 19, is polymorphic, meaning that it is comprised of three primary alleles (ϵ2, ϵ3,
and ϵ4), for a total of six possible genotypes (Eisenberg, Kuzawa, & Hayes, 2010). Originally
implicated as a risk factor for Alzheimer’s disease (Corder et al., 1993; Saunders et al., 1993;
Strittmatter et al., 1993), possession of at least one ϵ4 allele has more recently been associated
with unfavorable outcome following brain injury (for a review, see Wilson & Montgomery,
2007).
Although there are a number of ways to evaluate outcome, a relatively straightforward
method that has been used thus far is to characterize outcome according to the Glasgow Outcome
Scale (GOS) score. The GOS is a global measure comprised of a 5-point rating scale that
assesses functional outcome following a brain injury (Jennett & Bond, 1975). The GOS
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categories include: (1) death; (2) persistent vegetative state; (3) severe disability; (4) moderate
disability; and (5) good recovery. Using this approach, several studies have concluded that brain
injured patients who possess at least one ϵ4 allele are more likely to have an adverse outcome (as
defined by a GOS rating of 1, 2, or 3 in most studies) at six months post-injury as compared to
those without the ϵ4 allele (Chiang, Chang, & Hu, 2003; Friedman et al., 1999; Liaquat, Dunn,
Nicoll, Teasdale, & Norrie, 2002; Teasdale, Murray, & Nicoll, 2005; Teasdale, Nicoll, Murray,
& Fiddes, 1997). Relatedly, a study by Alexander et al. (2007) examined recovery rates (as
assessed by the GOS) following severe TBI among those with and without the ϵ4 allele, and
found that participants with an ϵ4 allele recovered more slowly than participants who did not
possess an ϵ4 allele. In contrast to these positive findings, though, some studies have reported no
differences in GOS outcome between TBI patients with and without the ϵ4 allele (Millar, Nicoll,
Thornhill, Murray, & Teasdale, 2003; Nathoo, Chetty, van Dellen, Connolly, & Naidoo, 2003;
Willemse-van Son, Ribbers, Hop, Van Duijn, & Stam, 2008).
Although a number of investigators have begun to explore the relationship between gross
functional outcomes (such as the GOS) following TBI and ϵ4 allele status, many of these studies
have focused on long-term outcomes in more severe TBI samples, with limited research being
conducted on mild TBI/concussed populations. Furthermore, existing studies have largely
explored the relationship between global outcome measures such as the GOS and ϵ4 allele status
rather than examining more specific measures of outcome. Given that a multitude of physical,
cognitive, and affective difficulties have consistently been reported following TBI (Lovell et al.,
2006; Silver, McAllister, & Arciniegas, 2009), it seems prudent to determine whether genetic
factors predict these more specific sequelae of brain injury, especially as they relate to more
acute outcomes following TBI.
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With these considerations in mind, the main objective of this study was to determine the
relationship between the APOE ϵ4 allele and symptom reporting patterns following sportsrelated concussion. Importantly, this appears to be the first report of a genetic association
between the APOE gene and post-concussion symptom variables in a concussed sample. Several
symptom-related variables were examined, and it was hypothesized that participants with the ϵ4
allele would show greater symptomatology following concussion than participants without the ϵ4
allele. Additionally, in order to control for pre-morbid symptoms, the proportion of ϵ4-positive
and ϵ4-negative participants who showed a significant increase in symptoms from baseline to
post-concussion was calculated. It was hypothesized that a greater proportion of participants
with the ϵ4 allele would show a significant increase in symptoms from pre- to post-injury when
compared to participants without the ϵ4 allele.

Method
Participants and Procedures
Participants included 42 college athletes who participated in a clinically-based university
sports-concussion management program. All participants in the present study sustained a mild
TBI, or concussion, as defined by the following criteria: loss of consciousness lasting 30 minutes
or less, loss of memory for events immediately before or after the injury lasting less than 24
hours, or any alteration in mental state at the time of injury (Mild Traumatic Brain Injury
Committee of the Head Injury Interdisciplinary Special Interest Group, 1993; Ruff, Iverson,
Barth, Bush, & Broshek, 2009). Team physicians or athletic trainers determined TBI status, and
concussed athletes are referred for neuropsychological testing as soon as possible following the
injury.
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Study participants were selected from a sample of 164 athletes who had sustained
concussions between 2002 and 2014 and were subsequently referred to our concussion
management program for post-concussion neuropsychological testing. In order to be included in
the present study, participants must have sustained a mild TBI or concussion, according to the
criteria described above, and completed post-concussion testing within three months following
their injury. The three-month time frame was selected to remain within a relatively acute period
post-concussion. Additionally, concussed athletes must have provided a buccal (cheek cell)
sample that could be analyzed for their APOE genotype. For the present study, buccal samples
were collected via one of two recruitment methods: (1) athletes referred for post-concussion
testing were invited to participate in the genetics arm of the study at the time of their postconcussion testing session, and (2) athletes previously involved in the concussion management
program who had sustained concussions but completed testing prior to the onset of the genetics
portion of the study were contacted by the research team by phone or email and asked to
participate. Figure 1 displays a flow chart that represents how participants were selected for
inclusion into the present study. The final sample (n=42) was comprised of mostly male athletes
(83.3%) who had completed, on average, 13.5 years (SD=1.3) of education. The average time
tested post-injury was 9.8 days (SD=14.6; Mdn=4.0; Range=0-72 days), and 73.8% of the
athletes were tested within the first week following their concussion.
This study was approved by the university’s Institutional Review Board and eligible
participants signed an informed consent form prior to participation in research.
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Laboratory Procedures
DNA extraction. DNA extraction was performed using methods and materials as
described by Freeman et al. (2003). Briefly, buccal mucosa cells were collected with cotton
swabs (Medical Wire & Equipment, Corsham, Wiltshire, England) and placed in 15-mL
centrifuge tubes containing 2.5 mL of lysis buffer. DNA was extracted using the method and
equipment specified by Freeman et al. (2003). After extraction, the DNA was re-suspended in
250 μL of Tris EDTA (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) buffer. The DNA was quantified
by measuring the absorbance at 260 nm using a Nanodrop spectrophotometer (Nanodrop,
Wilmington, DE). Samples were aliquoted into storage vials and placed in a -80oC freezer.
APOE genotyping. The APOE genotype for each participant was determined by using
two Taqman Single Nucleotide Polymorphism (SNP) assays for the SNPs APOE112 and
APOE158, rs429358 and rs7412, respectively. The Life Technologies (Carlsbad, CA) assay IDs
for these SNPs are C__3084793_20 and C__904973_10. These Taqman assays for APOE
genotypes have previously been correlated with the original restriction fragment length
polymorphism (RFLP) method to determine the genotypes (Rihn et al., 2009). An allelic
discrimination assay protocol was used to determine the SNPs. Specifically, 100 ng of DNA
were combined in a volume of 5 μL with 2X Universal PCR Mix (Life Technologies) and 1/40
the volume of the Taqman SNP in a 384 well plate. The samples were amplified by PCR in a
7900HT machine (Life Technologies) as follows: a 10 minute hold at 95 oC, followed by 40
cycles of 15 seconds at 92oC, and then 1.5 minutes at 60 oC. After amplification, a post-read was
performed for analysis by automatic and manual clustering.
The determination of the genotype is based on the two different SNPs in the APOE gene.
The SNP will determine the amino acid sequence of the APOE protein at sites 112 and 158 of the
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gene. The codons for the amino acids at these sites are as follows: for APOE112, codons TGC
and CGC produce either a CYS or ARG amino acid and, similarly, for APOE158, codons CGC
and TGC determine ARG versus CYS. Thus, the Taqman assays C__3084793_20 and
C__904973_10 call either a C or a T at 112 or a T or a C at 158. The procedures outlined in
Christensen et al. (2008) and Ingelsson et al. (2003) were used to define the different genotypes
based on these calls.

Measures
The Post-Concussion Symptom Scale (PCSS) was used to evaluate athletes’ self-reported
symptoms following concussion. The PCSS (Lovell, Collins, Podell, Powell, & Maroon, 2000;
Lovell et al., 2006) is a 22-item measure designed to evaluate the severity of commonly
experienced post-concussion symptoms. Athletes are asked to rate their current symptoms using
a 0-6 scale, where 0 represents no symptoms and 6 represents severe symptoms. The PCSS is
administered through the ImPACT computer program (Lovell et al., 2000), and all athletes
individually complete the PCSS under the supervision of a trained doctoral student or
undergraduate research assistant. The internal consistency of the PCSS is excellent, ranging
from 0.89-0.94 (Lovell et al., 2006).
The PCSS was used to calculate several symptom-related outcome indices, including
symptom clusters, global indices of distress variables, and a total symptom score. Briefly, the
symptom clusters were derived from previous factor analytic work (Merritt & Arnett, 2014) and
were calculated as follows: physical symptoms (7 items; α=.79-.85; possible range = 0-42),
cognitive symptoms (4 items; α=.78-.94; possible range = 0-24), affective symptoms (4 items;
α=.76-.79; possible range = 0-24); and sleep symptoms (4 items; α=.75-.80; possible range = 0-
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24). For a list of symptoms that comprise each symptom cluster, see Table 1. As for the global
indices of distress variables, three indices were calculated: a global severity index (GSI;
calculated by dividing the PCSS total symptom score by 22, the total number of symptoms listed
on the PCSS), a positive symptom total (PST; calculated by totaling the number of positively
endorsed symptoms listed on the PCSS; possible range = 0-22), and a positive symptom distress
index (PSDI; calculated by dividing the PCSS total symptom score by the value of the PST).
When calculating the PSDI, if the number of positively endorsed symptoms (i.e., the PST) was
zero, the PSDI value was automatically set to zero. Finally, the total symptom score was
calculated by adding the ratings of all 22 items on the PCSS (possible range = 0-132). Thus, a
total of 8 symptom indices were generated from the PCSS.

Results
Descriptive Statistics
Participants were divided into two groups based on ϵ4 allele status; 15 athletes (35.7%)
were ϵ4 positive and 27 (64.3%) were ϵ4 negative. Descriptive statistics, including basic
demographic and injury severity variables, are presented in Table 2 by group. As indicated in
the table, the allele groups were well-matched, as there were no significant differences between
the two groups on any of the demographic or injury severity variables examined.

Symptom Reporting and ϵ4 Allele Status
Given that the post-concussion PCSS symptom scores were not normally distributed,
non-parametric statistics were used to compare the various symptom indices across the two ϵ4
allele groups. Descriptive statistics and group comparisons for each allele group are reported in
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Table 3. As a result of the large number of dependent variables examined, it is recognized that
applying a Bonferroni correction may have been desirable; however, given the small sample size
in each allele group, statistical power is considerably lessened, and the application of a
Bonferroni correction was considered too strict. Therefore, a p-value of 0.05 was maintained.
Mann-Whitney U tests showed that athletes with the APOE ϵ4 allele reported greater
symptoms than athletes without the ϵ4 allele on all of the symptom indices evaluated, with
significant differences found on the following indices: the PCSS total symptom score, the GSI,
the PST, the physical symptom cluster, and the cognitive symptom cluster (all p<.05; see Table
3).
To further evaluate the relationship between APOE ϵ4 allele status and symptom
reporting, and to control for pre-morbid symptom reports, we calculated the proportion of
participants who showed at least a one standard deviation increase in symptom reporting from
baseline to post-concussion across each symptom index, using the means and standard deviations
from our baseline PCSS normative database as our baseline reference point (see Figure 2). A
one standard deviation difference is a commonly used clinical metric for change (Lezak,
Howieson, Bigler, & Tranel, 2012), and thus was applied in this study. Chi-square analyses were
then used to determine whether there was a significant difference in the proportion of athletes
with and without the ϵ4 allele who showed a significant increase in symptom reporting from
baseline to post-concussion. Compared to those without the ϵ4 allele, a significantly greater
proportion of concussed athletes with the APOE ϵ4 allele reported at least a one standard
deviation increase in post-concussion symptoms across the following symptom indices: the
physical symptom cluster (χ2 (1, N=42)=6.64, p=.010, φ=0.40), the PST (χ2 (1, N=42)=6.72,
p=.010, φ=0.40), and the PSDI (χ2 (1, N=42)=4.85, p=.028, φ=0.34).
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Discussion
Given that a number of previous studies have evaluated the relationship between the
APOE ϵ4 allele and gross outcome following TBI, the main purpose of our study was to narrow
the focus and evaluate whether there may be an association between the ϵ4 allele and more
specific outcomes following TBI. To our knowledge, this is the first study to have specifically
examined the relationship between the APOE ϵ4 allele and post-concussion symptom reporting
patterns. The PCSS was used as the primary outcome measure, and several symptom-related
variables were derived from the PCSS, including four symptom clusters (physical, cognitive,
affective, and sleep), three global indices of distress variables (GSI, PST, and PSDI), and a total
symptom score. It was hypothesized that ϵ4 positive participants would show greater
symptomatology following concussion as compared to ϵ4 negative participants, and the results
largely supported our hypothesis. Specifically, ϵ4 positive athletes reported significantly more
symptoms than ϵ4 negative athletes across the following symptom indices: the PCSS total
symptom score, the GSI, the PST, the physical symptom cluster, and the cognitive symptom
cluster, indicating that ϵ4 positive participants may be at greater risk for experiencing more
severe post-concussion symptoms.
Although few studies have investigated the influence of the ϵ4 allele on post-concussion
symptom reporting, there are some studies worth noting. Ariza et al. (2006) examined
neurobehavioral outcome using the Neurobehavioral Rating Scale–Revised in a sample of 77
patients with moderate to severe TBI. They reported that, compared to patients without the ϵ4
allele, participants with the ϵ4 allele endorsed a greater amount of symptoms across all symptom
domains, including executive/cognition, positive symptoms, negative symptoms, mood/affect,

16
and oral/motor-related symptoms six months after injury. Findings from Ariza et al. (2006) are
generally consistent with our results, as both studies show that APOE ϵ4 allele carriers show
greater symptomatology after sustaining a TBI than do non-ϵ4 allele carriers.
Chamelian, Reis, and Feinstein (2004) examined a range of outcome variables at six
months post-injury, including self-reported symptoms as assessed by the Rivermead PostConcussion Symptoms Questionnaire, in a sample of 90 patients with mild to moderate TBI.
Inconsistent with the results from the present study, Chamelian and colleagues (2004) found no
differences between ϵ4 positive and ϵ4 negative participants across all outcome variables
examined, concluding that the ϵ4 allele does not appear to influence outcome following TBI.
The disparity between our findings and the findings reported by Chamelian et al. (2004) are
noteworthy. However, it should be noted that methodological differences, such as the timing of
the assessments post-injury, as well as differences in the study sample, may be responsible for
the discrepant results.
Finally, Moran et al. (2009) evaluated the relationship between the ϵ4 allele and postconcussion symptom reporting. Their sample consisted of children between the ages of 8-15
who had sustained mild TBI’s, and symptoms were evaluated using the Post-Concussive
Symptom Interview and the Health Behavior Inventory at 3 and 12 months following injury.
Both child and parent ratings of symptoms were obtained. Also contrary to our findings, Moran
et al. (2009) reported no group differences in symptom reporting at 3 and 12 months post-injury
when examining both the child and parent symptom reports. As with the Chamelian et al. (2004)
study, methodological differences exist between our study and the study by Moran et al. (2009),
which may account for the disparate findings. Also relevant, our study specifically focused on
collegiate athletes, whereas the Moran et al. (2009) study examined children.
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When interpreting our findings, it is also important to highlight that we not only
evaluated traditional symptom variables such as the total symptom score and symptom clusters,
but we considered supplementary symptom-related indices (i.e., the GSI, PST, and PSDI) that
help capture some of the more nuanced features of symptom expression and response style.
Thus, our findings extend previous work by establishing more specific relationships that exist
between the APOE ϵ4 allele and post-concussion symptom reporting. Our results explicitly
show that ϵ4 positive participants reported greater overall symptoms (i.e., reported a greater total
symptom score) than ϵ4 negative participants. However, when examining the participants’
symptom reporting patterns more closely, we also found that those with the ϵ4 allele endorsed
greater physical and cognitive symptoms than did those without the ϵ4 allele, suggesting that
these particular symptoms may be most susceptible to the effects of the ϵ4 allele. Additionally,
we found that ϵ4 positive athletes reported more severe symptoms (i.e., greater GSI score) and
endorsed a greater number of symptoms (i.e., greater PST score) than ϵ4 negative participants,
indicating that the ϵ4 allele may also impact the severity and range of symptoms following
concussion.
A secondary aim of our study was to control for pre-morbid symptom reporting so that
we could more precisely determine the influence of the ϵ4 allele on symptom reporting as a
function of brain injury. It was hypothesized that a greater proportion of ϵ4 positive athletes
would show a significant increase in symptoms from baseline to post-concussion when compared
to ϵ4 negative athletes. Results largely supported this hypothesis. Of note, a significantly
greater proportion of concussed participants with the ϵ4 allele reported a significant increase
from baseline to post-concussion on the following symptom indices: the physical symptom
cluster, the PST, and the PSDI. These results suggest that, although not all symptom indices
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significantly increased after post-concussion, physical symptoms were particularly affected.
Furthermore, the results indicate that post-concussion, athletes are more likely to report a
significantly increased number of symptoms (i.e., PST), as well as more severe symptoms (i.e.,
PSDI), if they are ϵ4 positive as opposed to ϵ4 negative.
One limitation of the present study is the small sample size. Although our clinicallybased concussion management program has been prospectively recruiting participants for
research for several years, we did not begin to collect genetic data for genotyping until 2011.
Therefore, at least 60% of the concussed athletes in our database were unable to participate in the
genetics arm of our study, mostly because of our inability to get in touch with participants due to
missing or outdated contact information. Nevertheless, there is a precedent in the literature for
conducting genetics-related studies using similar sample sizes (Bazarian, Zemlan, Mookerjee, &
Stigbrand, 2006; Sundström et al., 2004). Another limitation concerns the generalizability of our
findings. In the present study, we specifically focused on collegiate athletes who had sustained
concussions, or mild TBI’s; thus, our findings may be less generalizable to other populations
such as adolescents or older adults, as well as to samples with more severe brain injuries. Yet,
given the widespread interest and concern over the effects of sports-related concussions, it is
thought that our findings will be relevant and clinically meaningful to a broad population.
Finally, our study was restricted to the evaluation of self-reported sequelae of concussion.
Future studies would benefit from not only evaluating self-reported symptoms, but to also assess
the relationship between the ϵ4 allele and other measures of impairment following concussion.
Although these results will need to be replicated in a larger sample, our findings indicate that,
compared with athletes without the ϵ4 allele, athletes with the ϵ4 allele have a propensity to
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report a greater number of symptoms, as well as more severe symptoms, post-concussion.
Future studies examining the role of the ϵ4 allele in concussion outcome are warranted.
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Table 2.1. PCSS symptom clusters and their associated items.
Cognitive

Physical

Affective

Sleep

Feeling Slowed Down
Feeling Mentally “Foggy”
Difficulty Concentrating
Difficulty Remembering

Nausea
Vomiting
Balance Problems
Dizziness

Irritability
Sadness
Nervousness
Feeling More Emotional

Fatigue
Trouble Falling Asleep
Sleeping Less Than Usual
Drowsiness

Sensitivity to Light
Sensitivity to Noise
Visual Problems
a

Table adapted from Merritt, V.C., & Arnett, P.A. (2014). Premorbid predictors of postconcussion symptoms in collegiate athletes.
Journal of Clinical & Experimental Neuropsychology, 36(10), 1098-1111. Table 5, p. 1105.
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Table 2.2. Sample characteristics by ϵ4 allele group.
Variables
Age
Education
Days Tested Post-Injury
Sex
Male
Female
Ethnicity
Caucasian
Other
Concussion History
0
1
2 or more
History of ADHD
Yes
No
Sportb
Contact
Limited Contact
Loss of Consciousness
Yes
No
Retrograde Amnesia
Yes
No
Anterograde Amnesia
Yes
No

Positive ϵ4 allele Group
(N=15)
M
SD
19.93
1.39
13.87
1.41
7.67
11.64
N
%

Negative ϵ4 allele Group
(N=27)
M
SD
20.00
1.59
13.37
1.21
11.04a
16.08
N
%

p
.893
.237
.480
p

12
3

80.0
20.0

23
4

85.2
14.8

.686

10
5

66.7
33.3

20
7

74.1
25.9

.726

5
6
4

33.3
40.0
26.7

9
10
8

33.3
37.0
29.7

.974

2
13

13.3
86.7

1
26

3.7
96.3

.287

9
6

60.0
40.0

21
6

77.8
22.2

.292

3
12

20.0
80.0

3
24

11.1
88.9

.649

3
12

20.0
80.0

3
24

11.1
88.9

.649

5
10

33.3
66.7

13
14

48.1
51.9

.517

Note: aThere was an outlier in the negative ϵ4 allele group (one athlete was tested 72 days postinjury). When the outlier was removed, the results did not significantly change; thus, the outlier
was used in the analyses; bContact sports include football, hockey, lacrosse, and rugby; limited
contact sports include basketball, golf, and soccer.
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Table 2.3. Descriptive statistics and group comparisons between ϵ4 positive and ϵ4 negative participants.

Symptom Indices
Total Symptom Score
Global Severity Index
Positive Symptom Total
Positive Symptom Distress Index
Physical Symptom Cluster
Cognitive Symptom Cluster
Affective Symptom Cluster
Sleep Symptom Cluster

M
11.33
0.52
6.13
1.51
2.53
2.93
1.27
2.53

Positive ϵ4 allele
SD
95% CI
11.05
6.47-17.35
0.50
0.29-0.79
5.15
3.73-8.81
1.04
1.01-2.00
2.97
1.25-4.23
3.69
1.37-5.07
2.02
0.35-2.35
3.54
1.00-4.50

M
4.67
0.21
2.74
1.04
0.52
1.04
0.56
1.44

Negative ϵ4 allele
SD
95% CI
6.78
2.36-7.44
0.31
0.11-0.34
3.63
1.54-4.21
0.87
0.73-1.37
1.25
0.12-1.00
2.22
0.30-1.91
1.60
0.04-1.28
2.04
0.69-2.29

p

d

Effect Sizea

.037
.037
.040
.139
.008
.022
.098
.417

0.73
0.75
0.76
0.49
0.87
0.60
0.38
0.38

Medium-Large
Medium-Large
Medium-Large
Medium
Large
Medium
Small-Medium
Small-Medium

Note: N=42 (15 Positive ϵ4 allele, 27 Negative ϵ4 allele). aCohen’s effect sizes: small (0.2), medium (0.5), large (0.8).
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Figure 2.1. Inclusion and exclusion criteria for the study sample.
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Figure 2.2. Percentage of participants in each allele group showing significant change in
symptoms following concussion.
50

Percent

40
30

ϵ4+ allele

20

ϵ4- allele

10
0
ϵ4 allele Group

A.

30

Percent

25
20
15

ϵ4+ allele

10

ϵ4- allele

5
0
ϵ4 allele Group

B.

50

Percent

40

30

ϵ4+ allele

20

ϵ4- allele

10
0

C.

ϵ4 allele Group

Figure 2 Legend. The percentage of participants in each allele group who showed a significant
increase in symptoms (defined by 1SD or more) across the following indices at post-concussion,
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using baseline normative data as a reference point: (A) Positive Symptom Total; (B) Positive
Symptom Distress Index; and (C) Physical Symptom Cluster.
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Chapter 3. Paper 2: Relationship between the Apolipoprotein E (APOE) Gene and Headache in
Concussed and Non-Concussed College Athletes

Concussed athletes often report many symptoms immediately following concussion,
generally falling within the realm of physical/somatic, cognitive, affective, and sleep-related
difficulties (Kontos et al., 2012; Pardini et al., 2004). When considering the broad range of
symptoms expressed after a concussion, headaches appear to be the most common symptom
endorsed, with reports ranging from 57% to 93% (Erlanger et al., 2003; Guskiewicz et al., 2000;
Makdissi et al., 2010; Meehan III et al., 2010). In addition to headaches being the most
frequently endorsed symptom, headaches are often the most severe (Merritt et al., 2015) and
longest enduring (Conidi, 2012; Makdissi et al., 2010; Seifert, 2013) symptom reported
following concussion. Given that this symptom is so widely experienced and often very
debilitating, and it occurs in the context of other neuropsychological consequences of
concussion, better understanding the etiology and manifestation of post-concussion headache is
of principal concern.
The term “post-traumatic headache” (PTH) is applied to headache symptoms that occur
following a traumatic brain injury (TBI) or concussion (Seifert & Evans, 2010). PTH has been
further classified into (1) “acute PTH,” meaning that the headache symptoms developed within
one week of the initial concussive event and resolved within three months of the injury, and (2)
“chronic PTH,” meaning that the headache symptoms developed within one week of the initial
concussive event and persisted for more than three months after the initial injury (Packard,
2005). Unfortunately, little is understood about risk for acute or chronic PTH, but it has been
hypothesized that headache symptoms may develop as a result of physiological changes that are
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associated with the concussive injury (Maugans, Farley, Altaye, Leach, & Cecil, 2012; Mayer,
Huber, & Peskind, 2013; Seifert, 2013).
Further complicating our understanding of PTH is the occurrence of headaches in nonconcussed athletes (Ramadan, 2004; Sabin, Van Boxtel, Nohren, & Broglio, 2011) and in the
general, uninjured, healthy population (Crystal & Robbins, 2010; Seifert, 2013). Pre-existing
headache symptoms also create ambiguity about the manifestation of PTH and likely confound
our understanding of the true etiology and pathogenesis of PTH. Given our limited knowledge
regarding concussion and the experience of headache symptoms, it would be meaningful to
improve our understanding of the risk factors associated with headache presence, severity, and
duration. One possibility is to examine the role of specific genetic factors that may be associated
with the development and presentation of headache symptoms following concussion.
The apolipoprotein E (APOE) gene, located on chromosome 19, has previously been
studied within the context of tension-type headaches and migraines (Gupta, Kumar, Luthra,
Banerjee, & Bhatia, 2009; Pizza et al., 2012; Rainero et al., 2002), and thus could provide a
starting point from which to explore PTH. Researchers have also begun to examine the APOE
gene within the context of recovery and outcome following TBI, yet the relationship between
this particular gene and headache symptoms in a brain-injured sample is not well understood.
The APOE gene expresses a protein (apoE) that is involved in neuronal regrowth and repair
following injury (Dardiotis et al., 2010; Finnoff, Jelsing, & Smith, 2011). The gene is comprised
of 3 primary alleles (ϵ2, ϵ3, and ϵ4), each having a unique role in the recovery process;
importantly, the ϵ4 allele has been found to slow the process of neuronal regrowth/repair,
whereas the ϵ3 allele facilitates regrowth/repair (Finnoff et al., 2011; Silver, McAllister, &
Yudofsky, 2011). Thus, the ϵ4 allele may be a risk factor for neuropathology following injury or
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insult to the brain. Importantly, it has been estimated that the base rate of having at least one ϵ4
allele in the general population is approximately 25-30% (Mahley & Huang, 2012; Roses, 1996).
Given the proposed mechanism of the APOE gene, as well as the research highlighted above,
APOE is a sensible gene from which we may begin to better understand the etiology of PTH.
Over the past two decades, researchers have examined the relationship between the
APOE gene and TBI; however, a majority of published studies have explored gross functional
outcomes in patients with more severe brain injuries. Consequently, very little is known about
the relationship between the APOE gene and specific outcomes following brain injury, especially
brain injuries that are on the mild end of the continuum. However, the findings in Paper 1
demonstrated that there is a relationship between the ϵ4 allele of the APOE gene and postconcussion symptom reporting following concussion. In Paper 1, ϵ4+ and ϵ4- allele groups were
examined to determine whether there were differences in athletes’ symptom reporting patterns
across different symptom indices. Symptom clusters, including physical, cognitive, affective, and
sleep, were examined (clusters identified based on previous factor analytic work), and results
showed that concussed athletes with the ϵ4 allele reported greater physical and cognitive
symptoms as compared to concussed athletes without the ϵ4 allele. However, an important
limitation of this study was that the physical symptom cluster did not include headache; thus,
headache symptoms were not adequately evaluated. To our knowledge, no study to date has
examined the relationship between the APOE gene and PTH following sports-related concussion.
The purpose of the present study was to determine whether the ϵ4 allele of the APOE
gene influences the presence and severity of headache following concussion. For the purpose of
this study, we did not evaluate any symptoms beyond headache, including migraine-related
symptomatology, as the central question of the study was to identify whether a relationship exists
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between the APOE gene and post-concussion headache. It was hypothesized that when compared
to athletes without the ϵ4 allele, a greater proportion of athletes with the ϵ4 allele would endorse
headaches, and that the ϵ4 allele would be associated with more severe headache symptoms
following concussion. Another aim of the study was to examine headache symptoms in a
healthy/non-concussed athlete group to determine whether there is any relationship between the
ϵ4 allele and the presence and severity of headache at baseline. Given our prediction about the
ϵ4 allele and its influence on post-concussion sequelae, it was expected that there would be no
differences between ϵ4+ and ϵ4- athletes with respect to headache symptoms reported at baseline.

Method
Participants and Procedures
The present study utilized a prospective cohort design. Participants were comprised of 45
concussed athletes and 43 healthy/non-concussed athletes who were involved in a clinicallybased sports concussion management program at a Division I university in the United States.
The concussion management program was designed to function according to the Sports as a
Laboratory Assessment Model (Barth et al., 1989) wherein athletes are given a
neuropsychological assessment prior to participating in college athletics (i.e., baseline
evaluation), and are re-assessed following any concussions that are sustained during their
collegiate athletic career. Team physicians diagnose concussions and refer athletes for postconcussion testing as soon as possible following the injury; however, in some cases, postconcussion referrals are made several days or weeks following the injury. The following criteria
are used to determine whether a concussion, or mild TBI, was sustained: (1) loss of
consciousness experienced for 30 minutes or less; (2) retrograde or anterograde amnesia
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surrounding the concussion, with anterograde amnesia lasting no longer than 24 hours; or (3) any
alteration in mental status at the time of injury (Ruff, Iverson, Barth, Bush, & Broshek, 2009).
For the purpose of this study, concussed participants were selected based on the
following criteria: (1) sustained a concussion according to the criteria described above; (2)
underwent post-concussion neuropsychological testing within 3-months following the injury; and
(3) provided a buccal (cheek cell) sample that could be analyzed to determine APOE genotype.
The 3-month window was selected to balance our interest in evaluating relatively acute
outcomes, while maintaining an adequate sample size. A proportion (n=30; 67%) of the
concussed athletes in our sample were also tested at baseline, but for the purpose of this study,
their baseline data were not evaluated due to the smaller sample size. Instead, a separate group
of athletes were selected to serve as a comparison group. This sample of healthy/non-concussed
participants were selected based on the following criteria: (1) no concussions sustained while
enrolled in our concussion management program; (2) underwent baseline neuropsychological
testing, and (3) provided a buccal (cheek cell) sample that could be analyzed to determine APOE
genotype.
All participants individually completed a 2-hour neuropsychological test battery
administered by trained graduate students or undergraduate research assistants who were under
the supervision of a Ph.D.-level clinical neuropsychologist between 2002-2015. However,
required procedures for this study took approximately 30 minutes. The study was approved by
the university’s Institutional Review Board, and all participants signed an informed consent form
prior to participation in research-related activities.
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Laboratory Procedures
DNA extraction on buccal samples was performed as outlined by Freeman et al. (2003)
APOE genotype was determined by using two Taqman Single Nucleotide Polymorphism
(SNP) assays for the SNPs APOE112 and APOE158, rs429358 and rs7412, respectively. These
Taqman assays for APOE genotypes have previously been correlated with the original
restriction fragment length polymorphism (RFLP) method to determine the genotypes (Rihn et
al., 2009). An allelic discrimination assay protocol was used to determine the SNPs. The
determination of the genotype is based on the two different SNPs in the APOE gene. The SNP
will determine the amino acid sequence of the APOE protein at sites 112 and 158 of the gene.
The procedures outlined in Christensen et al. (2008) and Ingelsson et al. (2003) were used to
define the different genotypes based on these calls. The final genotyping results could be any
combination (homozygous or heterozygous) of pairs of ϵ2, ϵ3, and ϵ4 alleles.

Measures
All athletes completed the Post-Concussion Symptom Scale (PCSS), administered as part
of the Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT) computer
program (Lovell, Collins, Podell, Powell, & Maroon, 2000; Lovell et al., 2006). The PCSS is a
self-report measure comprised of 22 common post-concussion symptoms, including headache.
Participants are shown a series of symptoms and are instructed to rate how they currently feel
using a scale ranging from 1-6, representing symptom severities of mild to severe, or they have
the option of checking a box indicating that they are not currently experiencing the symptom.
The PCSS has been widely used in the assessment of symptoms following sports-related
concussions, and the reliability and validity of the measure have been well established (Lovell et

32

al., 2006). For the purpose of this study, “headache” was the only symptom from the PCSS that
was evaluated. The possible range of the symptom was 0-6, with higher scores representing
greater symptom severity.

Approach to Data Analysis
Descriptive statistics were used to evaluate the overall sample, and chi-square analyses
were used to test for differences between the concussed and non-concussed athlete groups on
APOE genotype status and the presence of headache. The concussed and non-concussed groups
were then independently divided into ϵ4+ and ϵ4- groups and chi-square analyses and
independent sample t-tests were used to verify group equivalences across demographic and
injury severity variables. Finally, the concussed and non-concussed groups were analyzed
separately using chi-square and Mann-Whitney U tests (due to non-normality of data) to
determine whether the APOE ϵ4 allele influences the presence and severity of headache.

Results
Participant Demographic Characteristics
The overall sample (N=88) was comprised of 63 males and 25 females with a mean age
of 19.3 (SD=1.5) years and a mean education level of 12.9 (SD=1.2) years. The majority of the
sample self-identified as Caucasian (70.5%), followed by African American (22.7%), Biracial or
Multiracial (5.7%), and Asian American (1.1%). The data includes athletes from the following
sports: Basketball (22.7%), Soccer (19.3%), Football (18.2%), Lacrosse (17.0%), Hockey
(9.1%), Wrestling (6.8%), Rugby (4.5%), and Other (2.3%). When considering the sample as a
whole, 37.5% had an ϵ4 allele and 38.6% reported a headache at the time of testing. With
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respect to pre-morbid or pre-existing headache/migraine symptoms, 17.0% of the entire sample
reported having received prior treatment for headaches and 13.6% for migraines.
Within the concussed sample (n=45), 35.6% (n=16) had an ϵ4 allele and 53.3% (n=24)
endorsed headache. Within the non-concussed sample (n=43), 39.5% (n=17) had an ϵ4 allele
and 23.3% (n=10) endorsed headache. There were no differences between the concussed and
non-concussed groups with respect to the proportion of participants who were ϵ4+ (χ2(1,
N=88)=0.15, p=.70, φ=0.04). However, as expected, a significantly greater proportion of the
concussed compared with non-concussed group reported headaches (χ2(1, N=88)=8.39, p=.004,
φ=0.31).
Sample characteristics for the concussed and non-concussed groups, divided by ϵ4 allele
status, are presented in Tables 1 and 2, respectively. With respect to the concussed sample, there
were no significant differences between the ϵ4+ and ϵ4- allele groups on any of the demographic
or injury severity variables evaluated (Table 1). Similarly, within the non-concussed sample,
there were no significant differences between the ϵ4+ and ϵ4- allele groups on any of the
demographic variables evaluated (Table 2).

APOE ϵ4 Allele Status and Headache: Concussed Sample
The concussed sample (n=45) was tested, on average, 10 days post-injury (SD=14.3,
Mdn=4.0; Range=0-72 days), and 71.1% of these athletes were tested within 7 days of their
injury. Descriptive statistics for headache severity in the concussed sample are reported in Table
3.
Chi-square analyses were used to determine whether the presence of headache symptoms
varies as a function of ϵ4 allele status. Results showed that there was a significant difference
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between the ϵ4 allele groups with respect to the proportion of participants who reported headache
(χ2(1, N=45)=4.68, p=.030, φ=0.32). Specifically, 75% (12 of 16) of ϵ4+ participants endorsed
headache at the time of testing, compared with only 41% (12 of 29) of ϵ4- participants. A MannWhitney U test was then used to compare headache severity across ϵ4+ and ϵ4- participants
within the concussed sample. Headache severity was greater for ϵ4+ athletes (Mdn=1.5) than
for ϵ4- athletes (Mdn=0), U=141.50, p=.023, r=.34. Figure 1 displays headache severity ratings
among the concussed sample. Group means, as opposed to mean ranks or median values, are
displayed in the figure for the purpose of clinical interpretation.

APOE ϵ4 Allele Status and Headache: Non-Concussed Sample
Descriptive statistics for headache severity in the non-concussed sample are reported in
Table 3. As done previously with the concussed sample, chi-square analyses were used to
determine whether the presence of headache symptoms varies as a function of ϵ4 allele status
among the non-concussed group. This time, there were no significant differences between the ϵ4
allele groups with respect to the proportion of participants who reported headache (χ2(1,
N=43)=0.50, p=.481, φ=0.11); only 18% (3 of 17) of ϵ4+ participants endorsed headache at the
time of testing (i.e., at baseline), and 27% (7 of 26) of ϵ4- participants endorsed headache
symptoms. Finally, a Mann-Whitney U test was used to compare headache severity across ϵ4+
and ϵ4- participants within the non-concussed sample. This revealed no significant differences
in headache severity between ϵ4+ athletes (Mdn=0) and ϵ4- athletes (Mdn=0), U=207.00,
p=.638, r=.07. Figure 1 displays headache severity ratings among the non-concussed sample.
As before, group means are displayed in the figure for the purpose of clinical interpretation.
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Discussion
Although headache is one of the most commonly reported symptoms after a concussion,
the understanding of factors that contribute to the experience and severity of headache has
previously been limited. This study furthers our knowledge of post-concussion headache by
showing that genetic factors may play a role. In particular, in our sample of athletes who had
sustained concussions, those with the APOE ϵ4 allele were more likely to (1) report headache
symptoms and (2) report more severe headaches than those who did not have the ϵ4 allele. We
also examined the impact of the ϵ4 allele on headache in a non-concussed sample with a similar
frequency of the ϵ4 allele as the concussed group. In this sample of participants who had not
sustained concussions, the presence and severity of headache did not differ as a function of ϵ4
status. Taken together, these findings indicate a potentially meaningful relationship between
APOE genotype and headache, wherein APOE ϵ4 allele status plays an important role in the
presence and severity of headache only after the traumatic event of a concussion.
One complicating factor in understanding PTH has been the question of its relationship to
“baseline” headache symptoms (i.e., headaches experienced by non-concussed athletes) or the
experience of headache in the general, uninjured, healthy population. Since there were no
differences in the report of headache symptoms between ϵ4+ and ϵ4- groups in our nonconcussed sample of collegiate athletes—a presumably healthy group of participants, this
particular allele does not appear to influence the universal experience of headache. However,
knowledge of genetic status was valuable for predicting which athletes would experience PTH,
suggesting that there may be an interactive relationship between possessing an ϵ4 allele and
sustaining a concussive injury.
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The precise physiological mechanisms by which headaches develop following brain
injury are poorly understood. Although it is beyond the scope of this manuscript to elucidate
such mechanisms, it can be anticipated from our data that there may be an interactive
relationship between the “metabolic cascade” (Giza & Hovda, 2001, 2014) that ensues after
brain injury and the deleterious effects of the ϵ4 allele (Dardiotis et al., 2010; Jordan, 2007;
Mahley, Weisgraber, & Huang, 2006) that results in the development of PTH. As reviewed
above, after neurological insult (i.e., a concussion), the APOE gene is involved in neuronal tissue
repair and synaptogenesis (Dardiotis et al., 2010; Finnoff et al., 2011). Importantly, the e2, e3,
and ϵ4 alleles of the gene differentially influence tissue regrowth/repair, with the ϵ4 allele having
a disadvantageous effect on the recovery process, including proposed functions such as
inhibiting neurite outgrowth and causing neurodegeneration and cognitive decline (Finnoff et al.,
2011; Jordan, 2007; Mahley et al., 2006). Thus, given our data, it is possible that initial damage
to brain tissue when accompanied by the ϵ4 allele leads to neurological symptoms such as
headaches. Although speculative, it is also possible that the ϵ4 allele may play a role in the
microstructural damage that sometimes occurs following brain injury. Again, because the APOE
gene is involved in the maintenance of neuronal tissue, as well as neuronal repair and plasticity
following brain injury (Dardiotis et al., 2010; Silver et al., 2011), possession of at least one ϵ4
allele may influence the extent of structural injury experienced, thereby leading to headache
symptomatology. Further research is clearly needed to determine the exact mechanisms by
which expression of the ϵ4 allele could contribute to headache symptoms, but our data provide a
starting point for thinking about such mechanisms.

Limitations
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Our clinical sample contributed to some limitations of this study. As noted above,
athletes receive baseline testing and then are referred again to our clinic in the event of a
concussion; however, we do not control the window from time of injury to referral. Therefore,
there was some variability with respect to how much time elapsed between the injury event and
the time in which symptoms were assessed post-concussion. Consequently, this limits specific
conclusions about the time course for the development of headache symptoms. Relatedly,
although our findings address the question of the presence and severity of relatively acute postconcussion headache, we were unable to determine the influence of the ϵ4 allele on the duration
of headache symptoms. Further research with a chronic sample is needed to understand whether
these relationships persist throughout the course of the recovery process.
In addition, for the purpose of this study “headache” was evaluated as a self-reported
symptom on the PCSS. Thus, the experience of headache was subjective on the part of the athlete
and may not reflect the clinical definition of a headache disorder. Furthermore, a definition of
headache was not provided to the athlete and so we do not have any information about the type
of headache pain experienced. Nevertheless, it is common practice to assess self-reported
symptoms in concussed athletes using a measure such as the PCSS (McCrory et al., 2013) and
the PCSS has been demonstrated to have strong reliability and validity (Lovell et al., 2006).
Finally, other limitations include a relatively small sample size in the concussed and nonconcussed athlete groups, as well as a smaller number of female athletes being evaluated.
However, genetic studies have been published in the TBI literature using similar sample sizes
(Ariza et al., 2006; Chamelian, Reis, & Feinstein, 2004; Han et al., 2007; Kutner, Erlanger, Tsai,
Jordan, & Relkin, 2000; Liberman, Stewart, Wesnes, & Troncoso, 2002; Sundstrom et al., 2004).
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Conclusions
This research furthers our understanding of how biological factors such as genetics
uniquely contribute to individual differences in post-concussion symptoms. The findings from
this study demonstrate the prevalence of headache in athletes at baseline and following a
concussion, and specifically indicate that the APOE ϵ4 allele appears to be a risk factor
associated with both the presence and severity of PTH. Such information may be useful in
determining appropriate concussion management procedures and for ensuring the ongoing safety
and well-being of athletes. For instance, having a better understanding of those at greater risk for
post-concussion deficits such as PTH could facilitate the development of safer and more
effective return to play guidelines. Moreover, concussions also can have an impact on collegiate
athletes’ academic performance, so understanding risk factors for potentially a longer-term
recovery is valuable. It is also possible that as genetic relationships are identified, individually
targeted treatments could be developed to mitigate persisting post-concussion symptoms. It will
be necessary for these findings to be replicated in a larger sample, but at present, these data show
that collegiate athletes with the ϵ4 genotype may be at a higher risk for experiencing headacherelated difficulties following concussion.
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Table 3.1. Concussed sample characteristics by ϵ4 allele group.
Variables
Age
Education
Days Tested Post-Injury
Sex
Male
Female
Ethnicity
Caucasian
Other
Concussion History
0
1
2 or more
Treatment for Ha/Mig
Yes
No
Loss of Consciousness
Yes
No
Retrograde Amnesia
Yes
No
Anterograde Amnesia
Yes
No

Positive ϵ4 allele Group
(n=16)
M
SD
20.00
1.37
13.88
1.36
8.75
12.05
N
%

Negative ϵ4 allele Group
(n=29)
M
SD
20.00
1.54
13.38
1.18
10.69
15.57
N
%

p
1.00
.208
.668
p

12
4

75.0
25.0

25
4

86.2
13.8

.347

10
6

62.5
37.5

21
8

72.4
27.6

.492

5
7
4

31.3
43.8
25.0

9
11
9

31.0
37.9
31.0

2
14

12.5
87.5

6
23

20.7
79.3

.492

3
13

18.8
81.3

3
26

10.3
89.7

.427

3
13

18.8
81.3

4
25

13.8
86.2

.661

5
11

31.3
68.8

13
16

44.8
55.2

.373

Note: Abbreviations: Ha = Headache; Mig = Migraine

.897
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Table 3.2. Non-concussed sample characteristics by ϵ4 allele group.
Variables
Age
Education

Positive ϵ4 allele Group
(n=17)
M
SD
18.47
1.01
12.24
0.56
N
%

Sex
Male
9
52.9
Female
8
47.1
Ethnicity
Caucasian
11
64.7
Other
6
35.3
Concussion History
0
8
47.1
1
6
35.3
2 or more
3
17.6
Treatment for Ha/Mig
Yes
5
29.4
No
12
70.6
Note: Abbreviations: Ha = Headache; Mig = Migraine

Negative ϵ4 allele Group
(n=26)
M
SD
18.58
1.39
12.35
0.89
N
%

p
.787
.651
p

17
9

65.4
34.6

.415

20
6

76.9
23.1

.383

16
6
4

61.5
23.1
15.4

6
20

23.1
76.9

.616

.642
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Table 3.3. Headache severity characteristics by ϵ4 allele status.
Group
Concussed
NonConcussed
Total

N
16
29
45
17
26
43
88

APOE
Status
ϵ4+
ϵ4Combined
ϵ4+
ϵ4Combined
Combined

Mean

SD

Median

Min

Max

1.75
0.79
1.13*
0.59
0.46
0.51*
0.83

1.48
1.08
1.31
1.54
0.95
1.20
1.29

1.5
0
1.00
0
0
0
0

0
0
0
0
0
0
0

4
3
4
6
4
6
6

Note: Headache severity could range from 0-6, with 0 indicating no headache, and 6 indicting
severe headache.
*A Mann-Whitney U test indicated that headache severity was significantly higher for the
concussed group (Mdn=1.5) than for the non-concussed group (Mdn=0), U=667.00, p=.004,
r=.31.
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Figure 3.1. Headache severity ratings (mean scores ± standard error) across concussed and
non-concussed athletes by ϵ4 allele group.

*

Figure Legend. Non-concussed sample (n=43) – 17 ϵ4+ participants and 26 ϵ4- participants.
Concussed sample (n=45) – 16 ϵ4+ participants and 29 ϵ4- participants. Headache severity could
range from 0-6, with greater scores representing more severe headaches. *p<.05.
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Chapter 4. Paper 3: The Influence of the Apolipoprotein E (APOE) Gene on Post-Concussion
Neurocognitive Performance in College Athletes

Despite decades of clinical practice and research related to concussion, or mild traumatic
brain injury (TBI), our ability to reliably diagnose concussive injuries, manage ensuing sequelae,
and predict course of recovery following brain injury is imperfect. Part of the difficulty is that
there are multiple working definitions of concussion/mild TBI (American Academy of
Neurology, 1997; Kelly & Rosenberg, 1997; McCrory et al., 2013; Mild Traumatic Brain Injury
Committee of the Head Injury Interdisciplinary Special Interest Group, 1993; Ruff et al., 2009),
leaving open the option for clinicians and researchers to unsystematically select which definition
to apply. A related challenge is that concussions are rapidly evolving injuries characterized by
fluctuating clinical signs and symptoms, making immediate diagnosis difficult. Moreover, we
continue to be without sufficient tools or techniques that can definitively diagnose concussions;
for example, even with the substantial advancements in neuroimaging that have been observed in
recent decades, concussions often do not always result in discernible impairments on imaging
(McCrory et al., 2013). To further complicate matters is the idiosyncratic nature of concussion
manifestation; in particular, it has been well documented that there is not a “typical” recovery
pattern following concussion, and that instead, outcomes and recoveries vary widely by
individual (Iverson et al., 2006; McCrory et al., 2013).
With the above factors in mind, it is clear that the field would benefit from ongoing
research that specifically targets these limitations. A particular interest among the scientific
community has been not only developing a better understanding of who is at risk for poor
outcome following concussion/TBI (Lange et al., 2013; Lau, Kontos, et al., 2011; McCrea et al.,
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2013; Ponsford et al., 2012), but also determining whether there are protective factors that lead to
good outcome or rapid recovery post-injury (McCauley, Boake, Levin, Contant, & Song, 2001).
More recently, there has also been a push for identifying biomarkers of concussion (for a review,
see Finnoff et al., 2011; Papa, Ramia, Edwards, Johnson, & Slobounov, 2015), as well as for
exploring genetic factors that might influence susceptibility to concussion (Kristman et al., 2008;
Terrell et al., 2008; Tierney et al., 2010) or impact response to injury and subsequent recovery
post-concussion (for a review, see Finnoff et al., 2011; Zhou et al., 2008).
With respect to genetic factors, there is mounting evidence to suggest that genetic
variations likely have an influence on the pathogenesis and outcome of neurological conditions
such as brain injury (Wilson & Montgomery, 2007). In particular, the APOE gene has
specifically been associated with increased risk for neurological conditions such as Alzheimer’s
disease (Bartzokis et al., 2006; Corder et al., 1993; Petersen et al., 1995) and has been linked to
poor outcome following TBI (Samatovicz, 2000; Teasdale et al., 1997). The APOE gene is a
lipoprotein that is present in plasma and cerebrospinal fluid (CSF); within CSF, APOE plays a
crucial role in the maintenance of neuronal membranes and neurotransmission (Dardiotis et al.,
2010; Wilson & Montgomery, 2007). When the brain suffers an injury, APOE production
increases and the encoded protein is involved in neuronal repair and plasticity (Finnoff et al.,
2011). The APOE gene is polymorphic, comprised of three alleles (ε2, ε3, and ε4), for a total of
six gene combinations (3 heterozygous and 3 homozygous phenotypes). Each allele
differentially influences the neuronal restoration process, and the ε4 allele is thought to be less
effective at promoting repair and neuritic growth than the ε2 and ε3 alleles (Finnoff et al., 2011;
Mahley et al., 2006; Silver et al., 2011); thus, the ε4 allele has been stigmatized as a “risk factor”
gene.
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A number of studies have begun to explore the relationship between the APOE ε4 allele
and global outcomes following TBI. Mixed findings have resulted, with some reports
concluding that the ε4 allele is associated with worse outcome (Chiang et al., 2003; Teasdale et
al., 2005) and longer recovery rates following TBI (Alexander et al., 2007), and other studies
showing no significant relationships between the ε4 allele and gross outcomes post-TBI (Millar
et al., 2003; Willemse-van Son et al., 2008).
Among the studies that have examined more specific post-injury sequelae, including
performance on neurocognitive testing, results have also been mixed. Ariza et al. (2006) studied
neurocognitive performance at 6 months post-injury in a group of moderate and severe TBI
patients and reported that those with the APOE ϵ4 allele performed more poorly on measures of
learning, memory, and executive functioning than those without the ϵ4 allele. When examining
neurocognitive functioning in military veterans and active duty service members at 1-2 months
post-TBI, Crawford et al. (2002) showed that ϵ4+ participants demonstrated worse memory
performance than ϵ4- participants. Looking at more short-term recovery rates, Liberman et al.
(2002) demonstrated that mild and moderate TBI patients who possessed the ϵ4 allele displayed
worse neurocognitive performance on the majority of the neuropsychological measures
administered at 3 and 6 weeks post-injury as compared to patients without the ϵ4 allele, though
only two measures were significantly different at 3 weeks post-injury, and there were no
significant differences observed at week 6.
In contrast to studies that have found an association between the ϵ4 allele and
neurocognitive outcome, Ponsford, Rudzki, Bailey, and Ng (2007) examined neurocognitive
performance in moderate to severe TBI patients at 3, 6, and 12 months post-injury and found no
differences between ϵ4+ and ϵ4- participants on measures of memory, attention, and executive
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functioning at any time point. Similarly, Chamelian, Reis, and Feinstein (2004) reported no
differences between ϵ4 allele groups on any neurocognitive variable assessed at 6 months postinjury in a sample of mild to moderate TBI patients. In a sample of patients assessed 15-25 years
after sustaining a severe TBI, Millar et al. (2003) reported no differences on neurocognitive
performance between those with and without the ϵ4 allele. One study even found a protective
effect of the ϵ4 allele on cognitive performance following TBI (Han et al., 2007). In their
evaluation of neurocognitive functioning in a sample of active duty service members with mild
to moderate TBI, assessed, on average, 1-2 months post-injury, Han et al. (2007) reported that
ϵ4+ participants scored better than ϵ4- participants on some measures of memory, attention, and
executive functioning. Finally, in a study examining the relationship between APOE and
cognitive outcome in children with mild TBI, Moran et al. (2009) reported better performance on
a measure of constructional skill in those with the ϵ4 allele compared to those without the ϵ4
allele, but no other significant differences were observed on other measures of cognitive
performance.
In addition to examining post-concussion neurocogntive performance, Sundström et al.
(2004) took the approach of evaluating within-person change by exploring participants’ pre- and
post-injury neurocognitive scores. They found that mild TBI patients with the ϵ4 allele showed
significantly poorer post-injury performance compared to their pre-injury performance, whereas
TBI patients without the ϵ4 allele did not demonstrate significant changes between pre- and postinjury assessments (Sundström et al., 2004). Within the sports-concussion literature, only one
study has examined the relationship between the APOE gene and neurocognitive performance in
athletes. Kutner, Erlanger, Tsai, Jordan, and Relkin (2000) assessed a group of professional
football players of varying ages with and without the ϵ4 allele, and found that athletes with the ϵ4
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allele performed more poorly on neurocognitive tests than did athletes without the allele.
Furthermore, older athletes with the ϵ4 allele performed worse on neurocognitive tests than
younger players of any genotype (Kutner et al., 2000). The only other studies within the sportsconcussion literature to have examined APOE investigated whether having an ϵ4 allele is
associated with a history of concussion (Kristman et al., 2008; Terrell et al., 2008; Tierney et al.,
2010).
Review of the above studies highlights the range of efforts that have examined the
association between the APOE gene and neurocognitive outcome following concussion.
Although heterogeneous samples (i.e., adult vs. child, military vs. civilian/athletes, and mild to
severe injuries) have been studied thus far—which may certainly play a role in the inconsistent
findings that have been reported, another factor to consider is that the majority of the studies
conducted to date have utilized measures of central tendency (i.e., mean scores) to examine
neurocognitive differences between APOE groups. This particular method of relying solely on
measures of central tendency may limit the ability to detect subtle group differences.
Importantly, however, more nuanced approaches could be applied to study the relationship
between genetic factors and neurocognitive outcome, such as evaluating impaired scores and
assessing performance variability within and between cognitive tests, or using variability as an
indicator of vulnerability or less efficient cognitive processing.
With these considerations in mind, the main objective of this study was to determine how
the ϵ4 allele of the APOE gene influences neurocognitive outcome following concussion.
Neurocognitive performance was examined in a sample of concussed athletes, divided into two
groups based on the presence or absence of the ϵ4 allele. The following methods were used to
determine whether there were differences between the allele groups with respect to performance
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on a 2-hour neurocognitive test battery designed specifically for concussion assessment: (1)
mean differences; (2) number of impaired and declined scores; and (3) neurocognitive
performance variability. It was hypothesized that concussed athletes with an ϵ4 allele would
show poorer neurocognitive performance than concussed athletes without an ϵ4 allele. Another
aim of the study was to evaluate and compare the neurocognitive performance of concussed
athletes to healthy controls (i.e., non-concussed athletes) across ϵ4 allele groups to see how these
groups differ with respect to neurocognitive performance. It was hypothesized that there would
be a significant interaction between athlete group and ϵ4 allele status, such that the effect of
genotype status on neurocognitive performance would depend on whether or not the athlete
sustained a concussion.

Method
Participants and Procedures
Participants were comprised of collegiate athletes who were prospectively enrolled in a
university-based sports concussion management program. Athletes participating in the program
are administered a battery of neuropsychological measures at baseline (i.e., prior to collegiate
sports participation), and if at any point during their college athletic career they sustain a
concussion, they are referred back to the program for post-concussion testing. The concussion
management program functions as a clinical service to the university’s Sports Medicine
Department, offering team physicians with objective return-to-play recommendations that are
based on neuropsychological test results. The following athletic teams routinely participate in
baseline and post-concussion testing: Football, Wrestling, Men’s and Women’s Basketball,
Men’s and Women’s Lacrosse, Men’s and Women’s Soccer, and Men’s and Women’s Ice
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Hockey. However, our program occasionally receives referrals from the university’s Sports
Medicine Department for post-concussion testing only; as a result, several athletes participating
in the concussion management program have undergone post-concussion testing without having
been assessed at baseline.
The presence of a concussion, or mild TBI, is confirmed by team physicians using criteria
established by the Mild TBI Committee of the Head Injury Interdisciplinary Special Interest
Group (1993) and Ruff et al. (2009). Briefly, these guidelines state that at least one of the
following must be present: (1) loss of consciousness (≤ 30 minutes); (2) memory loss for events
before or after the injury event (<24 hours); or (3) any alternation in mental status at the time of
injury (Mild TBI Committee of the Head Injury Interdisciplinary Special Interest Group, 1993;
Ruff et al., 2009). Post-concussion referrals are made as soon as possible following the injury
event; however, in some cases, referrals may be delayed for several days or weeks due to other
clinical concerns.
Two independent groups of athletes were examined: (1) a concussed sample (n=60) and
(2) a non-concussed (healthy) sample (n=86). The concussed sample included athletes who
sustained a concussion based on the criteria described above, completed post-concussion
neuropsychological testing, and provided a DNA sample via a buccal (cheek) swab. The nonconcussed sample included athletes who participated in baseline neuropsychological testing and
had not sustained any concussions during their enrollment in the concussion management
program. Additionally, to be included in the non-concussed athlete sample, participants must
have also provided a DNA sample.
Approval for the present study was obtained through the university’s Institutional Review
Board and all participants signed an informed consent form.
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Laboratory Procedures
The Penn State Genomics Core Facility processed all genetic samples and conducted
genotyping for this study. The same laboratory procedures outlined in Paper 1 were used in this
study. Briefly, DNA extraction was performed on buccal samples according to methods
described by Freeman et al. (2003). After extraction, the DNA was re-suspended in 250 μL of
Tris EDTA (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) buffer and samples were aliquoted into
storage vials and placed in a -80oC freezer.
The APOE genotype for each participant was determined by using two Taqman Single
Nucleotide Polymorphism (SNP) assays for the SNPs APOE112 and APOE158, rs429358 and
rs7412, respectively. These Taqman assays for APOE genotypes have previously been
correlated with the original restriction fragment length polymorphism (RFLP) method to
determine the genotypes (Rihn et al., 2009). An allelic discrimination assay protocol was used to
determine the SNPs for this study. The determination of the genotype is based on the two
different SNPs in the APOE gene (at sites 112 and 158 of the gene). The procedures outlined in
Christensen et al. (2008) and Ingelsson et al. (2003) were used to define the different genotypes
based on these calls, and results could be any combination of ϵ2, ϵ3, and ϵ4 alleles. Of the 148
athletes included in the present study, successful genotyping was obtained for 146 of the athletes
on the first attempt. The genotyping was subsequently re-done for the other 2 athletes and was
successful on the second attempt.
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Measures
The neurocognitive test battery was designed to include measures that are sensitive to
concussion, covering the broad domains of learning and memory, attention, processing speed,
and executive function. The following measures were administered to both groups of participants
(concussed and non-concussed athletes): the Brief Visuospatial Memory Test-Revised (BVMTR; Benedict, 1997); the Hopkins Verbal Learning Test-Revised (HVLT-R; Brandt & Benedict,
2001); the Symbol-Digit Modalities Test (SDMT; Smith, 1991); the Vigil/W Continuous
Performance Test (Cegalis & Cegalis, 1994); the Digit Span Test from the WAIS-III (Wechsler,
1997); the Comprehensive Trail-Making Test (CTMT; Reynolds, 2002); the PSU Cancellation
Test (Echemendia & Julian, 2001); and the Stroop Color-Word Test (SCWT; Trenerry, Crosson,
DeBoe, & Leber, 1989). The Immediate Post-Concussion Assessment and Cognitive Testing
(ImPACT; Lovell et al., 2000) computer program was also administered. The ImPACT is
comprised of six unique modules that evaluate a variety of cognitive domains, including
memory, visual scanning, attention, and speed of processing/reaction time. Finally, in order to
assess premorbid functioning, the Wechsler Test of Adult Reading (WTAR; The Psychological
Corporation, 2001), was administered.

Approach to Data Analysis
The Statistical Package for the Social Sciences (SPSS), Version 22, was used to conduct
all analyses.

Aim 1: Examine the relationship between the APOE ϵ4 allele and neurocognitive
performance in the concussed athlete sample, using the following approaches: (a) mean
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differences; (b) number of impaired and declined scores; and (c) neurocognitive performance
variability.

Data Transformations
To examine post-concussion neurocognitive performance, all neurocognitive test indices
of interest were converted from raw scores to standard scores (mean = 100; SD = 15) so that all
variables were on the same metric. Standard score units were selected as the metric of choice
because many neuropsychological tests commonly apply this criterion for test comparison. The
following post-concussion neurocognitive variables underwent raw to standard score
transformations: BVMT-R Total Immediate Recall, BVMT-R Delayed Recall, HVLT-R Total
Immediate Recall, HVLT-R Delayed Recall, SDMT Total Correct, SDMT Incidental Memory,
Vigil Average Delay, Digit Span Forward, Digit Span Backward, CTMT 1 Time, CTMT 2 Time,
PSU Cancellation Test Total Correct, Stroop Word Time, Stroop Color-Word Time, ImPACT
Verbal Memory Composite, ImPACT Visual Memory Composite, ImPACT Visuomotor Speed
Composite, and ImPACT Reaction Time Composite (for a total of 18 variables). All
neurocognitive variables were transformed using gender-specific means and standard deviations
based on our baseline normative sample. Finally, all standard scores were calculated so that
higher values reflect better cognitive performance.

Examining Mean Differences Post-Concussion
After the neurocognitive variables of interest were converted to standard scores, domainspecific neurocognitive composite scores were calculated. A theory-driven approach was used to
derive the domain-specific composites. Each individual cognitive test index listed above was
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assigned to a composite index that most closely matches the cognitive domain that it purports to
measure. A memory composite was derived, as was a composite representing executive
functioning, attention, and processing speed (subsequently referred to as the “executive
functioning composite”). After the individual variables were assigned to the appropriate
cognitive domain, the internal consistency of these theoretically-derived composite scores was
evaluated using Cronbach’s alpha. Additionally, a global neurocognitive composite score was
generated from the 18 variables of interest by subjecting the variables to a principal components
analysis (PCA). Test indices with component loadings greater than 0.4 on the first factor were
used to derive the global neurocognitive composite score (Merritt & Arnett, 2014; Rabinowitz &
Arnett, 2013), and Cronbach’s alpha was used to verify internal consistency. Concussed athletes
were then divided into two groups based on APOE genotype status (ϵ4+ allele, ϵ4- allele), and
independent samples t-tests were used to determine whether there were group differences on
each of the neurocognitive composite variables.

Examining the Number of Impaired & Declined Scores Post-Concussion
An impaired score was defined as any standard score that is below the 10th percentile.
The number of scores across the neurocognitive test battery (possible range: 0-18) that fell below
the 10th percentile was counted for each participant and descriptive statistics were run on this
variable. “Impaired” and “not impaired” groups were created using a cutoff of 3 (Arnett et al.,
2014); athletes who demonstrated impairments on 3 or more test indices were categorized into
the “impaired” group, and athletes who demonstrated impairments on fewer than 3 test indices
were categorized into the “not impaired” group. Chi-square analysis was used to determine
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whether there was a significant difference between athletes with and without the ϵ4 allele who
fell in the impaired group.
To calculate the number of declined scores, the number of scores falling at least 1
standard deviation (SD) below each athlete’s pre-morbid IQ (measured by each athlete’s WTAR
Full Scale IQ score) was calculated. A 1 SD threshold was applied because this is a commonly
used metric to establish clinically significant change (Iverson & Brooks, 2011; Lezak et al.,
2012). After calculating the number of declined scores for each participant, descriptive statistics
were run on this variable. “Declined” and “not declined” groups were created using a cutoff of
3; athletes who declined from their respective pre-morbid IQ on 3 or more indices were
categorized into the “declined” group, and athletes who declined from their respective premorbid IQ on fewer than 3 indices were categorized into the “not declined” group. Additionally,
the number of scores falling at least 1.5 SDs below each athlete’s WTAR Full Scale IQ score
was calculated (Iverson & Brooks, 2011), and “declined” and “not declined” groups were created
using a cutoff of 3. Chi-square analysis was used to determine whether there was a significant
difference between athletes with and without the ϵ4 allele who fell in the declined group at the 1
and 1.5 SD thresholds.

Examining Neurocognitive Performance Variability Post-Concussion
Neurocognitive performance variability was assessed utilizing a within-person, acrossneuropsychological domain approach, and two variability indices were calculated: (1) a range
score, or “maximum discrepancy” (MD) score (Schretlen, Munro, Anthony, & Pearlson, 2003)
and (2) an average standard deviation (ASD) score across the entire neurocognitive test battery
(Rabinowitz & Arnett, 2013). The MD score was calculated by taking the difference between
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each athlete’s highest and lowest standard scores across the test battery (resulting in a value that
is in standard score units). To derive the ASD score, descriptive statistics were run on all of the
individual neurocognitive test variables and the mean of all standard deviations was computed.
To determine whether the ϵ4 allele of the APOE gene influences neurocognitive performance
variability following concussion, independent samples t-tests were used to compare the two
variability indices across the ϵ4 allele groups.

Aim 2: Evaluate and compare the neurocognitive performance of concussed athletes to
non-concussed athletes across ϵ4 allele groups to determine how the groups differ with respect
to neurocognitive performance.

Similar to the above analyses, neurocognitive performance was examined using the
following approaches: (a) mean differences; (b) number of impaired scores; and (c)
neurocognitive performance variability. The procedures outlined above were applied to calculate
similar neurocognitive variables for the non-concussed sample. After generating these variables
for the non-concussed participants, two-way analyses of variance (ANOVAs) were conducted to
examine the effect of athlete group (concussed vs. non-concussed) and APOE ϵ4 allele status
(ϵ4+ vs. ϵ4-) across several neurocognitive performance variables (i.e., mean neurocognitive
composite scores, number of impaired scores, and performance variability indices).

Results
Aim 1: Examine the relationship between the APOE ϵ4 allele and neurocognitive
performance in the concussed athlete sample, using the following approaches: (a) mean
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differences; (b) number of impaired and declined scores; and (c) neurocognitive performance
variability.

Demographic Characteristics
The concussed sample (N=60) was predominantly male (76.7%) and had completed, on
average, 13.8 years (SD=1.3) of education. The following athletic teams are represented in the
sample: Football (n=16, 26.7%), Basketball (n=11, 18.3%), Lacrosse (n=9, 15.0%), Rugby (n=8,
13.3%), Hockey (n=7, 11.7%), Soccer (n=5, 8.3%), Wresting (n=2, 3.3%), and Other (n=2,
3.3%). The average time from injury to assessment was 23.2 days (SD=57.2, Mdn=5 days;
Mode=2 days; Range=0-371 days), and 71.7% of the athletes were tested within two weeks
following their concussion. APOE genotyping results for the concussed sample were as follows:
ϵ2/ϵ2 (n=1, 1.7%), ϵ2/ϵ3 (n=2, 3.3%), ϵ2/ϵ4 (n=2, 3.3%), ϵ3/ϵ3 (n=37, 61.7%), ϵ3/ϵ4 (n=15,
25.0%), and ϵ4/ϵ4 (n=3, 5.0%).
The sample was divided into two groups based on ϵ4 allele status: 20 athletes (33.3%)
were ϵ4+ and 40 athletes (66.7%) were ϵ4-. Descriptive statistics, including basic demographic
and injury severity variables, are presented in Table 1 by allele group. As indicated in the table,
the allele groups were well-matched, as there were no significant differences between the two
groups on any of the demographic or injury severity variables examined.

Mean Differences
Table 2 lists the domain-specific composites and their associated variables. The memory
composite showed good internal consistency (7 items; Cronbach’s α=0.87) and the executive
functioning composite showed acceptable internal consistency (11 items; Cronbach’s α=0.76).
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The PCA revealed that 16 of the 18 neurocognitive indices had component loadings of 0.4 or
greater on Factor 1; therefore, these 16 indices were used to derive the neurocognitive composite
(see Table 3 for the list of variables). This composite showed good internal consistency (16
items; Cronbach’s α=0.85).
Independent samples t-tests showed no significant differences between athletes with and

without the ϵ4 allele across all three neurocognitive composite variables (all p>.05; d = 0.170.21; see Table 4).

Number of Impaired & Declined Scores
The number of impaired scores for each participant was calculated based on the
procedures described above. The mean number of impaired scores obtained post-concussion
across the entire sample was 1.97 (SD=2.48; Mdn=1; Range=0-11). “Impaired” and “not
impaired” groups were created using a cutoff of 3; 18 athletes (30%) fell in the impaired group.
Chi-square analysis showed that there was a difference between the ϵ4 allele groups with respect
to the proportion of participants who fell in the impaired group, but only at a trend level (χ2(1,
N=60)=3.21, p=.073, φ=0.23). Specifically, 45% (9 of 20) of ϵ4+ athletes fell in the impaired
group, compared with only 22.5% (9 of 40) of ϵ4- athletes.
Next, the number of scores falling 1 SD or more below each athlete’s WTAR Full Scale
IQ score was calculated based on the procedures described above. When applying the 1SD
criterion for decline, the mean number of declined scores across the entire sample was 4.60
(SD=3.93; Mdn=4; Range=0-17). “Declined” and “not declined” groups were created using a
cutoff of 3; 38 athletes (66.7%) fell in the declined group. Chi-square analysis showed no
significant differences between the ϵ4 allele groups with respect to the proportion of participants
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who fell in the declined group (χ2(1, N=57)=0.15, p=.695, φ=0.05); 70.0% (14 of 20) of ϵ4+
athletes fell in the declined group, compared with 64.9% (24 of 37) of ϵ4- athletes.
When using the 1.5 SD criterion for decline, the mean number of declined scores across
the entire sample was 2.60 (SD=3.31, Mdn=2, Range=0-16). “Declined” and “not declined”
groups were created using a cutoff of 3; 23 athletes (40.4%) fell in the declined group. Chisquare analysis showed that there was a difference between the ϵ4 allele groups with respect to
the proportion of participants who fell in the declined group, but only at a trend level (χ2(1,
N=57)=2.75, p=.097, φ=0.22). Among ϵ4+ athletes, 55.0% (11 of 20) fell in the declined group;
among ϵ4- athletes, 32.4% fell in the declined group.

Neurocognitive Performance Variability
The MD score and ASD score were calculated according to the procedures described
previously. Independent samples t-tests showed no significant differences between athletes with
and without the ϵ4 allele on the MD score (t(25)=-1.39, p=.176, d=0.42), but ϵ4+ athletes showed
a significantly greater amount of performance variability than ϵ4- athletes (t(59)=-2.05, p<.05,
d=0.53; see Table 4).

Aim 2: Evaluate and compare the neurocognitive performance of concussed athletes to
non-concussed athletes across ϵ4 allele groups to determine how the groups differ with respect
to neurocognitive performance.

The concussed sample described above (n=60) was used in the following analyses, as
well as a sample of non-concussed athletes (n=86), for a total of 146 participants. The majority
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of the sample was male (72.6%) and 37.0% were ϵ4+. The demographic characteristics of the
concussed sample were described above; the demographic characteristics of the non-concussed
sample are described below.

Demographic Characteristics
The non-concussed sample (N=86) was predominantly male (69.8%) and had completed,
on average, 12.2 years (SD=0.9) of education. The following athletic teams are represented in
the sample: Soccer (n=30, 34.9%), Lacrosse (n=23, 26.7%), Wresting (n=15, 17.4%), Basketball
(n=12, 14.0%), Hockey (n=3, 3.5%), Football (n=1, 1.2%), and Other (n=2, 2.4%). APOE
genotyping results for the non-concussed sample were as follows: ϵ2/ϵ2 (n=1, 1.2%), ϵ2/ϵ3 (n=9,
10.5%), ϵ2/ϵ4 (n=5, 5.8%), ϵ3/ϵ3 (n=42, 48.8%), ϵ3/ϵ4 (n=25, 29.1%), and ϵ4/ϵ4 (n=4, 4.7%).
The sample was divided into two groups based on ϵ4 allele status: 34 athletes (39.5%)
were ϵ4+ and 52 athletes (60.5%) were ϵ4-. Descriptive statistics, including basic demographic
and injury severity variables, are presented in Table 5 by allele group. The allele groups were
well-matched, as there were no significant differences between the two groups on any of the
demographic variables examined.

Mean Differences
The following neurocognitive composite variables were calculated for the non-concussed
sample: a memory composite, an executive functioning composite, and a global neurocognitive
composite. The memory composite showed good internal consistency (7 items; Cronbach’s
α=0.82), as did the executive functioning composite (11 items; Cronbach’s α=0.83). The global
neurocognitive composite also showed good internal consistency (16 items; Cronbach’s α=0.88).
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Each neurocognitive composite variable was subjected to a two-way analysis of variance
(ANOVA) with athlete group (concussed vs. non-concussed) and APOE ϵ4 allele status (ϵ4+ vs.
ϵ4-) as between-subjects factors. No main effects or interactions were found for the memory
composite, executive functioning composite, or the global neurocognitive composite (all p >
.05).

Number of Impaired Scores
The number of impaired scores for the non-concussed athletes was calculated based on
the procedures described above. The number of impaired scores was subjected to a two-way
ANOVA, with athlete group and APOE ϵ4 allele status as between-subjects factors. No main
effects were observed for the number of impaired scores variable, and no interaction was found
(all p > .05).

Performance Variability
A MD score and an ASD score were calculated for the non-concussed sample according
to the procedures described previously. Both variables were independently subjected to a twoway ANOVA, with athlete group and APOE ϵ4 allele status as between-subjects factors.
When examining the maximum discrepancy score, a main effect of athlete group was
found, F(1, 142) = 7.18, p = .008, ηp2 = 0.048. The MD score was significantly greater for
concussed athletes (M = 57.65, SD = 2.52) than for non-concussed athletes (M = 48.97, SD =
2.03). The main effect of ϵ4 allele status was non-significant (F(1, 142) = 2.64, p = .107, ηp2 =
0.018), and no interaction was found between athlete group and ϵ4 allele status (F(1, 142) = 2.59,
p = .110, ηp2 = 0.018). See Figure 1 for a plot of the estimated marginal means for the MD score.
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When examining the ASD score, the main effect of athlete group was non-significant
(F(1, 142) = 1.31, p = .255, ηp2 < 0.009). Similarly, no main effect was found for ϵ4 allele status
(F(1, 142) = 0.66, p = .418, ηp2 = 0.005). However, the interaction between athlete group and ϵ4
allele status was trending towards significance (F(1, 142) = 3.56, p = .061, ηp2 = 0.024). See
Figure 2 for a plot of the estimated marginal means for the ASD score.

Discussion
Recent research efforts have advanced our knowledge regarding the multitude of factors
that increase athletes’ risk for poorer outcomes following concussion. However, our
understanding of how genetic factors influence post-concussion outcome is incomplete. The
primary purpose of the present study was to examine the relationship between the ϵ4 allele of the
APOE gene and neurocognitive performance following concussion. This is the first attempt in
the sports concussion literature to examine such relationships, and our findings suggest that there
is value to examining the contribution of genetic factors on post-concussion neuropsychological
outcomes.

Aim 1
In this study, neurocognitive performance was evaluated in a sample of concussed
college athletes to determine whether there were performance differences between ϵ4+ and ϵ4athletes. In addition to evaluating mean performance-level differences between the groups, the
extent to which ϵ4 status modifies post-concussion neurocognitive impairments and performance
variability was studied. It was hypothesized that when compared to concussed ϵ4- athletes,
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concussed ϵ4+ athletes would perform more poorly on the neurocognitive variables that were
assessed. Our findings partially supported this hypothesis.
Although no differences were found between ϵ4 allele groups when examining mean
performance post-concussion, examining the number of impaired scores and declined scores
yielded trends in the expected direction. When evaluating the number of impaired scores
obtained post-concussion, there was a marginally significant difference between ϵ4+ and ϵ4athletes such that a greater proportion of participants with the ϵ4 allele exhibited 3 or more
impaired scores across the test battery. When evaluating the number of scores that declined by
1.5 standard deviations or more from each athlete’s estimated level of pre-morbid functioning
(WAIS FSIQ), there was also a marginally significant difference between ϵ4+ and ϵ4- athletes
whereby a greater proportion of participants with the ϵ4 allele displayed decline on 3 or more
measures. These findings suggest that possession of at least one ϵ4 allele may increase the risk of
showing normative impairments, as well as person-specific neurocognitive decline, after
sustaining a concussion.
More remarkable, though, were our findings related to performance variability. Again,
variability was examined by calculating a maximum discrepancy (MD) score and an average
standard deviation (ASD) score. The MD score measured the difference between each athlete’s
highest and lowest score across the entire neurocognitive test battery (Schretlen et al., 2003);
greater values corresponded with greater variability in performance. Athletes with an ϵ4 allele
had an average MD score of greater than 4 SDs, whereas athletes without an ϵ4 allele had an
average MD score of about 3.5 SDs. Although this difference was not statistically significant,
there was a medium effect size, suggesting that this marker of variability may be an important
indicator of vulnerability or less efficient cognitive processing in athletes with an ϵ4 allele.
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Furthermore, when evaluating the ASD score—a measure of within-person, acrossneuropsychological test variability—findings showed that ϵ4+ athletes exhibited a significantly
greater amount of performance variability than ϵ4- athletes. This finding was also associated
with a medium effect size, indicating that cross-test intraindividual variability may also be an
important marker of less efficient cognitive processing for ϵ4+ athletes following concussion.
When considering these results within the context of previous research, the present
findings extend our understanding of how the APOE gene may be related to neurocognitive
performance following brain injury. Past TBI studies have primarily focused on mean
performance when examining neurocognitive differences between ϵ4 allele groups, and as
highlighted previously, mixed findings have resulted. Although some studies reported that
possession of at least one ϵ4 allele confers risk for worse neurocognitive performance postconcussion (Ariza et al., 2006; Crawford et al., 2002), other studies have shown that the ϵ4 allele
does not appear to impact neurocognitive outcomes (Chamelian et al., 2004; Ponsford et al.,
2007). Consistent with these latter studies, evaluation of mean cognitive performance in the
present study resulted in no significant differences between allele groups. However, our study
went beyond evaluating differences in overall mean performance and considered additional
methods for assessing neurocognitive functioning. When applying these more nuanced
approaches, we found that athletes with the ϵ4 allele were more likely to show impairments and
post-concussion cognitive decline than athletes without an ϵ4 allele, as well as greater postconcussion performance variability.
Although no studies to date have utilized these approaches when examining the
relationship between genetic factors and neurocognitive performance, it is common practice in
the field of neuropsychology to evaluate impaired scores and to assess relative decline from an
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individual’s pre-morbid estimate of intellectual functioning in order to understand one’s
neuropsychological profile (Iverson & Brooks, 2011; Lezak et al., 2012; Strauss, Sherman, &
Spreen, 2006). Furthermore, in the sports concussion literature, these approaches are often used
to evaluate the degree of impairment following concussion, especially in the absence of baseline
testing, in order to provide objective return to play recommendations (Arnett et al., 2014). Given
that a moderate effect was found between possession of an ϵ4 allele and post-concussion
neurocognitive performance when using these approaches, it is possible that the influence of the
ϵ4 allele within the central nervous system is widespread but non-specific following concussion,
meaning that the allele indiscriminately affects neurocognitive processing. Stated differently,
our results suggest that rather than imparting an effect on a specific cognitive process such as
memory, for example, the ϵ4 allele diffusely affects the CNS. This hypothesis is consistent with
the APOE literature that proposes that the ϵ4 allele, compared to the ϵ2 and ϵ3 alleles, is
associated with oxidative stress, ischemia, inflammation, increased amyloid-beta (Aβ)
production, and impaired CNS glucose utilization—all of which can negatively impact cognitive
functioning (Mahley et al., 2006). This theory would also help to explain the heterogeneous
findings that have been demonstrated when evaluating the relationship between the APOE gene
and mean-level neurocognitive performance, and would suggest that future studies should
continue to examine impaired scores and declined scores following concussion.
With respect to neurocognitive performance variability, it is plausible that a similar
mechanism is taking place whereby the ϵ4 allele exerts its influence broadly across the CNS,
resulting in greater performance variability in ϵ4 carriers. Intraindividual variability is a construct
that has received increased attention in the neuropsychological literature, with several studies
demonstrating a relationship between increased variability and poorer neurocognitive
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performance in clinical samples (Burton, Strauss, Hultsch, Moll, & Hunter, 2006; Cole,
Weinberger, & Dickinson, 2011; Holtzer, Verghese, Wang, Hall, & Lipton, 2008; Hultsch,
MacDonald, Hunter, Levy-Bencheton, & Strauss, 2000; Rabinowitz & Arnett, 2013). The
findings of the present study support and extend these results by suggesting a potential
mechanism by which increased variability is produced. Given the proposed role of ϵ4 allele in
neuronal maintenance and repair, along with its detrimental relationship to neuropathological
processes (Mahley et al., 2006), it is plausible that carriers of the ϵ4 allele are predisposed to
experiencing greater fluctuations in their cognitive processing abilities following a brain injury.

Aim 2
A secondary aim of the present study was to compare the neurocognitive performance of
concussed athletes to healthy controls (i.e., non-concussed athletes) across ϵ4 allele groups to see
whether these groups differed when evaluating mean scores, impaired scores, and performance
variability. It was hypothesized that there would be a significant interaction between athlete
group and ϵ4 allele status, such that the effect of genotype status on neurocognitive performance
would depend on whether or not the athlete sustained a concussion. This hypothesis was
unsupported when assessing mean scores and impaired scores, but performance variability
resulted in an interaction trending towards significance. Specifically, the ASD score was found
to be greater in athletes with an ϵ4 allele, but only when the athlete had sustained a concussion.
This provides further evidence in support of the notion that the ϵ4 allele detrimentally affects
cognitive functioning, but only in the presence of neurological insult. Thus, an athlete with an ϵ4
allele who has not sustained a concussion, for example, would not be at an increased risk for
poorer neurocognitive functioning or inconsistencies in performance. However, if that same

66

athlete sustains a concussion, the present findings suggest that the individual would only then be
at greater risk for demonstrating increased performance variability post-concussion.

Limitations
There are limitations to this study that should be considered when interpreting the results.
First, given that the athletes used in this study were selected from those enrolled in a universitywide concussion management program, the characteristics of the sample and timing of postconcussion referrals were confined by the policies and clinical needs of the program. Thus, we
had little control over who was referred for post-concussion testing and when. As a result, the
time from injury to assessment varied widely. It is important to highlight, though, that about
three-quarters of the concussed sample were tested within 2 weeks post-injury and the median
time from injury to assessment was 5 days. Another limitation related to the sample
characteristics is that our findings may have reduced generalizability to older adults and children,
individuals with less education, and those with more severe brain injuries. However, because
such a homogeneous group was studied, this allowed for a more precise understanding of the
relationship between the APOE gene and post-concussion neurocognitive functioning in a
specific sample—college athletes. Finally, a between-subjects design, as opposed to a withinsubjects design, was utilized to examine relationships between concussion status, APOE ϵ4 allele
status, and neurocognitive outcomes. This approach was utilized to maximize the number of
participants included in the study so as to improve power. Although applying a within-subjects
design would have been preferred, the between-subjects approach yielded findings that further
support a relationship between the APOE gene and neurocognitive performance in concussed
athletes.
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Conclusions
The present study took a nuanced approach to evaluating neurocognitive performance in
a sample of concussed and non-concussed college athletes, and in doing so, identified a link
between APOE ϵ4 carriers and performance on a comprehensive neuropsychological test battery.
The findings suggest a possible relationship between the ϵ4 allele and post-concussion
impairment and decline, as well as a more pronounced relationship between the ϵ4 allele and
neurocognitive performance variability. Future studies should continue to examine the APOE
gene and neurocognitive performance in additional samples, including adolescents and adults, as
well as those with more severe brain injuries. In order to better understand how genetic factors
may mediate outcomes following concussion, it will also be necessary for future studies to
determine the exact mechanisms by which the APOE gene exerts its influence on such processes.
Testing the hypotheses proposed above may provide a starting point from which ongoing
research can be generated. Finally, research efforts should continue to be carried out on specific
samples of patients with TBI so that we may develop a greater understanding of the effects of the
APOE gene across the lifespan and in other populations susceptible to brain injury.
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Table 4.1. Concussed athletes: Sample characteristics by ϵ4 allele group.
Variables
Age
Education
Days Tested Post-Injurya
Sex
Male
Female
Ethnicity
Caucasian
Other
Concussion History
0
1
2 or more
Loss of Consciousness
Yes
No
Retrograde Amnesia
Yes
No
Anterograde Amnesia
Yes
No

ϵ4+ allele Group
(N=20)
M
SD
20.30
1.42
13.95
1.47
15.35
33.47
N
%

ϵ4- allele Group
(N=40)
M
SD
20.35
1.59
13.68
1.27
27.10
66.03
N
%

p
.906
.456
.458
p

16
4

80.0
20.0

30
10

75.0
25.0

.666

14
6

70.0
30.0

30
10

75.0
25.0

.680

6
9
5

30.0
45.0
25.0

12
18
10

30.0
45.0
25.0

3
17

15.0
85.0

4
36

10.0
90.0

.570

3
17

15.0
85.0

5
35

12.5
87.5

.788

5
15

25.0
75.0

16
24

40.0
60.0

.251

1.000

Note: aWhen assessing the “days tested post-injury” variable, there were 3 outliers in the overall
sample; 1 outlier fell in the ϵ4+ group (tested at 150 days post-injury) and 2 of the outliers fell in
the ϵ4- group (tested at 210 and 371 days post-injury). When the outliers were removed,
although the mean values changed, the results did not meaningfully change; thus, the outliers
were retained in the analyses. Additionally, given the normality statistics of the “days tested
post-injury” variable (skewness = 4.73; kurtosis = 25.07), the median (instead of the mean) may
provide a more accurate representation of the time from injury to assessment. The median value
for the ϵ4+ group = 5.0 days, and the median value for the ϵ4- group = 5.5 days.
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Table 4.2. Variables comprising each domain-specific composite.

Memory Composite

Executive Functioning, Attention, &
Processing Speed Composite

ImPACT Verbal Memory Composite

Vigil Average Delay

ImPACT Visual Memory Composite

ImPACT Visuomotor Speed Composite

BVMT-R Total Immediate Recall

ImPACT Reaction Time Composite

BVMT-R Delayed Recall

SDMT Total Correct

HVLT-R Total Immediate Recall

CTMT 1 Time

HVLT-R Delayed Recall

CTMT 2 Time

SDMT Incidental Memory

Digit Span Forward
Digit Span Backward
Stroop Word Time
Stroop Color-Word Time
PSU Cancellation Test Total Correct
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Table 4.3. Variables comprising the global neurocognitive composite.

Global Neurocognitive Composite
ImPACT Verbal Memory Composite
ImPACT Visual Memory Composite
BVMT-R Total Immediate Recall
BVMT-R Delayed Recall
HVLT-R Total Immediate Recall
HVLT-R Delayed Recall
SDMT Incidental Memory
Vigil Average Delay
ImPACT Visuomotor Speed Composite
ImPACT Reaction Time Composite
SDMT Total Correct
CTMT 1 Time
CTMT 2 Time
Digit Span Backward
Stroop Word Time
Stroop Color-Word Time
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Table 4.4. Mean differences between ϵ4+ and ϵ4- participants: Post-concussion
neurocognitive variables.
Neurocognitive
Variable

Memory
EF/Attention/PS
Global
MD Score
Ave SD Score

ϵ4+ allele Group
ϵ4- allele Group
(N=20)
(N=40)
t
M
SD
M
SD
Neurocognitive Composites
97.61
12.61
100.31
12.67
0.78
99.12
9.39
100.87
9.76
0.66
98.76
9.31
100.50
10.60
0.62
Neurocognitive Variability Indices
62.89
31.46
52.41
16.85
-1.39
15.95
5.28
13.58
3.59
-2.05

p

Cohen’s
Effect
Sizes (d)

.439
.511
.535

0.21
0.18
0.17

.176
.045

0.42
0.53
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Table 4.5. Non-concussed athletes: Sample characteristics by ϵ4 allele group.
Variables
Age
Education
Sex
Male
Female
Ethnicity
Caucasian
Other
Concussion History
0
1
2 or more

ϵ4+ allele Group
(N=34)
M
SD
18.44
0.93
12.21
0.77
N
%

ϵ4- allele Group
(N=52)
M
SD
18.65
1.37
12.25
0.90
N
%

25
9

73.5
26.5

35
17

67.3
32.7

24
10

70.6
29.4

41
11

78.8
21.2

12
14
8

35.3
41.2
23.5

30
14
8

57.7
26.9
15.4

p
.430
.815
p
.539

.242

.127
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Figure 4.1. Estimated marginal means: Maximum discrepancy score.

75
70

MD Score (SS Units)

Estimated Marginal Means

Maximum Discrepancy Score

65
60

55
50
45
40
ϵ4-

ϵ4+

ϵ4 Allele Status
Non-Concussed

Concussed

Figure Legend. Interaction between athlete group and ϵ4 allele status for the maximum
discrepancy (MD) score in standard score units. F(1, 142) = 2.59, p = .110, ηp2 = 0.018.
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Figure 4.2. Estimated marginal means: Average standard deviation score.

Estimated Marginal Means
ASD Score (SS Units)

Average Standard Deviation Score
18
17
16
15

14
13
12
ϵ4-

ϵ4+

ϵ4 Allele Status
Non-Concussed

Concussed

Figure Legend. Interaction between athlete group and ϵ4 allele status for the average standard
deviation (ASD) score in standard score units. F(1, 142) = 3.56, p = .061, ηp2 = 0.024.
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Chapter 5. General Discussion & Future Directions

The overall purpose of this dissertation was to examine the relationship between the
APOE gene and neuropsychological outcomes following concussion in collegiate athletes. Three
studies were conducted, each focusing on a unique aspect critical to the assessment and
evaluation of sports-related concussion. Paper 1 examined the relationship between the APOE
ϵ4 allele and post-concussion symptom reporting. The second paper evaluated the extent to
which the ϵ4 allele is associated with the presence and severity of headache in concussed and
non-concussed athletes. Paper 3 studied neurocognitive functioning in concussed and nonconcussed athletes to determine whether athletes with and without the ϵ4 allele differ in their
neurocognitive profiles. The general hypothesis for the dissertation was that having an ϵ4 allele
would be associated with increased symptom-reporting and poorer neurocognitive functioning
following concussion, and that there would not be a relationship between the ϵ4 allele and
neuropsychological functioning in non-concussed athletes.

Paper 1
The results of Paper 1 demonstrated that athletes with an ϵ4 allele reported greater
symptoms than athletes without an ϵ4 allele, and that these differences were largely due to
greater endorsement of physical and cognitive symptoms in ϵ4+ athletes. These findings suggest
that these particular symptoms may be most susceptible to the effects of the ϵ4 allele.
Additionally, ϵ4+ athletes reported more severe symptoms and endorsed a greater number of
symptoms than ϵ4- athletes, indicating that the ϵ4 allele may also impact the severity and range
of symptoms following concussion. Another key finding resulting from Paper 1 was that when
compared to ϵ4- athletes, ϵ4+ athletes experienced a significant normative increase (≥1 SD) in
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symptoms following concussion on the physical symptom cluster. Athletes with the ϵ4 allele
also experienced a significant increase in the severity of symptoms and the number of symptoms
endorsed post-concussion. Taken together, these findings suggest that the ϵ4 allele is a risk
factor for increased symptomatology following concussion.

Paper 2
Paper 2 provided evidence in support of there being a relationship between the ϵ4 allele
and the development of headache symptoms following concussion. Specifically, the results
showed that athletes with the ϵ4 allele were more likely to experience headaches following
concussion and report more severe headaches than athletes without the ϵ4 allele. Conversely,
when examining headaches in a healthy, non-concussed sample of college athletes, no
relationship was found between headache and possession of an ϵ4 allele. In addition to these
findings being consistent with Paper 1, the utilization of a control group in this study strengthens
the notion that there may be a meaningful relationship between the ϵ4 allele and headache—but
only in the presence of neurological insult.

Paper 3
The results from Paper 3 suggest that athletes with the ϵ4 allele may be at an increased
risk for demonstrating normative impairments following concussion, as well as person-specific
neurocognitive decline. Although the effect was small, the findings showed that ϵ4+ athletes
were more likely than ϵ4- athletes to (1) perform in the impaired range (<10th percentile) on 3 or
more test indices following concussion and (2) show a decline of at least 1.5 SDs from their
WAIS FSIQ on 3 or more test indices following concussion. Furthermore, the findings from
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Paper 3 demonstrated moderate effects when examining the influence of the ϵ4 allele on
neurocognitive performance variability. Specifically, concussed athletes with the ϵ4 allele had
greater inconsistencies in their neurocognitive performance as demonstrated by the maximum
discrepancy score and the average standard deviation score across the entire test battery. Finally,
when comparing concussed athletes to non-concussed athletes across ϵ4 allele groups, there was
a trend result when examining performance variability such that ϵ4+ athletes showed greater
variability in performance compared to ϵ4- athletes, but only when the athlete had sustained a
concussion.

Interpretation of Findings & Future Directions
When taken together, the results suggest that the ϵ4 allele of the APOE gene plays an
important role in neuropsychological outcomes following concussion. The studies presented
herein are the first to examine the APOE gene and its relationship to (1) post-concussion
symptoms and (2) neurocognitive functioning following sports-related concussion. Figure 1
provides a summary of the key findings, highlighting domains that appear to be affected by the
ϵ4 allele of the APOE gene following concussion.
One of the most compelling findings that resulted from these studies is that the ϵ4 allele
appears to influence neuropsychological outcomes only after a concussion is sustained,
suggesting that there is an interdependent relationship between the ϵ4 allele and the presence of
neurological insult (i.e., concussion). Furthermore, when considering the range of symptoms
that are often endorsed following concussion, the results from Papers 1 and 2 suggest that the
symptoms most impacted by the ϵ4 allele are physical and cognitive-related symptoms. Based on
these findings, it is conceivable that those who are ϵ4+ may be more susceptible to experiencing
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symptoms that are a direct result of the “neurometabolic cascade” that ensues following
concussion (Giza & Hovda, 2001, 2014), and that a “hierarchy” of symptoms exists whereby
some symptoms (i.e., physical and cognitive symptoms) are a direct result of the concussive hit,
and other symptoms (i.e., affective and sleep symptoms) develop as secondary factors. If this
were true, studying genetic factors could bring about important implications for understanding
the origin and development of the controversial “post-concussion syndrome,” and could help to
improve diagnostic classification criteria.
When evaluating the results from Paper 3, the findings suggest that assessing impaired
and declined scores, as well as performance variability, may be a more sensitive method for
detecting genetic influences on neurocognitive functioning. Using these approaches, Paper 3
increased our understanding of the relationship between the APOE gene and cognitive
functioning post-concussion. The results indicate that the ϵ4 allele may globally affect CNS
functioning and thereby interfere with efficient cognitive processing, resulting in increased
intraindividual variability across tests. Of course, these findings will need to be replicated, but
the data suggest that an important relationship exists between the ϵ4 allele of the APOE gene and
neurocognitive performance following concussion.
In summary, the results from these studies suggest that continuing to explore genetic
factors within the context of brain injury is a worthy endeavor. Future research should not only
continue to examine the APOE gene within the context of sports-related concussion, but should
also explore how the gene affects all populations susceptible to brain injury. Furthermore,
although the present studies were limited to examining college students, it would be beneficial to
expand this research to both older and younger samples. As research continues to evolve and we
have a more comprehensive understanding of the APOE gene and its influence on outcome and
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recovery following brain injury, it will be necessary to examine other genes that may play a role
in concussion outcome (i.e., BDNT, 5-HTT, COMT, DAT, etc.), as well as examine the effects
of gene x gene interactions on outcomes. The exploration of genetic factors is a promising area
of research, and has important clinical implications for those susceptible to brain injury.
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Figure 5.1. Summary of key findings: Domains affected by the ϵ4 allele of the APOE gene
following concussion
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