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ABSTRACT 

 

Objective: The objectives of this study were (1) to document oculomotor (OM) and vestibulo-

ocular (VO) function in children who sustained a concussion and were symptomatic at the time 

of assessment, and to compare them to that of children with prior concussion who were clinically 

recovered (asymptomatic) and of uninjured children, and (2) to document the extent to which  

OM and VO function relate to post-concussion symptom severity in children with symptomatic 

and asymptomatic concussion. Study Design: A prospective cross-sectional study that included 

108 symptomatic/clinically recovered pediatric patients with concussion and 79 healthy youth, 

between 9 and 18 years of age. Setting:  Participants with concussion were recruited from a 

speciality concussion clinic at the Montreal Children’s Hospital, McGill University Health 

Center. Methods: OM (smooth pursuit, saccades, anti-saccades and vergence) and VO (average 

vestibulo-ocular reflex gain) function were acquired with a commercial VR eye-tracking system 

(Saccade Analytics, InSight software). Post-concussion symptoms were scored with the Post-

Concussion Symptom Inventory (PCSI) and were obtained from the patient’s concussion clinic 

electronic medical records, as were number of previous concussions and premorbid conditions. A 

series of one-way ANOVA tests and Pearson r correlations were used to address the two 

objectives. Results:  There was a significant main effect at the p<.05 level for vergence during 

smooth pursuit [ F (2,176) =10.90, p<.05], mean latency during saccades [F (2, 171) = 5.99, 

p=.003] and mean response delay during anti-saccades [F (2,177=9.07, p.<05]. For VO, there 

was a significant main effect for average vestibular ocular reflex gain in the horizontal leftward 

[F (2,168) = 7, p=.001] and rightward directions [W (2,163) = 13.08, p <.05] and vertical upward 

[F (2,147) = 7.60, p=.001] and downward directions [W (2,144) = 13.70, p <.05]. Significant 

group differences in OM and VO function highlighted that children with symptomatic 
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concussion showed poorer performance when compared to clinically recovered and healthy 

children. The Pearson correlation test indicated a significant strong positive correlation between 

mean saccade error and total PCSI scores for the younger (8-12-year-olds) clinically recovered 

children. Additionally, children with greater symptom scores on the PCSI tended to preform 

worse on the OM/VO eye tracking tasks than children who reported lower symptom scores. 

Conclusion: Our results lead us to conclude that children with symptomatic concussion do 

indeed present with clinical oculomotor and vestibulo-ocular function impairments and tend to 

report more severe post- concussion symptoms when compared to healthy and recovered 

children. The significant group differences between the symptomatic children, recovered and 

healthy children suggests that VR eye tracking may be an effective tool for identifying OM and 

VO deficits in the acute phase of concussion.  Although more investigation is needed, VR eye 

tracking of OM and VO function has the potential to provide clinicians with a measurement tool 

that is both objective and developmentally appropriate for use with children.  
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ABRÉGÉ  

Objectifs : Les objectifs de cette étude étaient de 1) documenter la fonction oculomotrice (OM) et 

vestibulo-oculaire (VO)  d’enfants ayant subi une commotion cérébrale, symptomatiques au 

moment de l'évaluation, et de la comparer à celle d’enfants asymptomatiques suite à leur 

commotion cérébrale et à celle d'enfants non blessés, et 2) documenter dans quelle mesure les 

fonctions OM ou VO varient en fonction de la sévérité des symptômes post-commotionnels chez 

les enfants symptomatiques et asymptomatiques suite à leur commotion cérébrale. Devis : une 

étude transversale prospective comprenant 108 patients pédiatriques symptomatiques ou 

asymptomatiques suite à une commotion cérébrale et 79 jeunes en bonne santé, âgés de 9 à 18 ans. 

Milieu: Les participants souffrant d'une commotion cérébrale furent recrutés au sein d’une clinique 

spécialisée dans le suivi des commotions cérébrales à l’Hôpital de Montréal pour enfants, Centre 

universitaire de santé McGill. Méthodes: La fonction OM (poursuite lente, saccades, anti-saccades 

et vergence) et VO (gain du réflexe vestibulo-oculaire) fut mesurée à l’aide d’un système 

d’oculométrie commercial (Saccade Analytics, appareil InSight). La sévérité des symptômes post-

commotionnels fut déterminée à l’aide du Post-Concussion Symptom Inventory (PCSI) dont les 

scores furent relevés à partir du dossier médical électronique de l’enfant, tout comme le nombre 

de commotions cérébrales et de conditions prémorbides antérieures. Une série de tests ANOVA 

univariés et de corrélations de Pearson r ont été utilisées pour répondre aux deux objectifs. 

Résultats: Un effet principal significatif au niveau p <0,05 fut identifié pour la vergence pendant 

la poursuite lente [F (2 176) = 10,90, p <0,05], la latence moyenne pendant les saccades [F (2, 171) 

= 5,99, p = .003] et le temps de réponse moyen pendant les anti-saccades [F (2 177 = 9,07, p. <05]. 

Pour la VO, il y avait un effet principal significatif pour le gain réflexe vestibulo-oculaire moyen 

horizontal vers la gauche [F (2 168) = 7, p = .001] et vers la droite [W (2163) = 13,08, p <0,05] de 
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même qu’en vertical vers le haut [F (2147) = 7,60, p = 0,001] et vers le bas [W (2144) = 13,70, p 

< .05]. Les différences significatives dans les fonctions OM et VO entre les groupes confirment 

que les enfants souffrant d'une commotion cérébrale symptomatique montrent de moins bonnes 

performances par rapport aux enfants asymptomatiques ou en bonne santé. Le test de corrélation 

de Pearson a indiqué une forte corrélation positive significative entre le niveau moyen d’erreur 

pendant les saccades et le total au PCSI chez les plus jeunes enfants asymptomatiques (8 à 12 ans). 

De plus, les enfants présentant le plus de symptômes réussissaient moins bien les tâches OM / VO 

que les enfants ayant des scores de symptômes inférieurs. Conclusion: Nos résultats nous amènent 

à conclure que les enfants ayant subi une commotion cérébrale et qui sont encore symptomatiques 

présentent des troubles cliniques de la fonction oculomotrice et vestibulo-oculaire, et ont tendance 

à signaler des symptômes post-commotion cérébrale plus sévères que les enfants sains ou 

asymptomatiques suite à leur blessure. Les différences significatives entre les enfants 

symptomatiques et les ceux en bonne santé ou asymptomatiques suggèrent que le l’oculométrie 

par réalité virtuelle peut être un outil utile dans la phase aiguë de la commotion cérébrale. Bien 

que plus de recherche soit nécessaire, une évaluation de la fonction OM et VO aurait le potentiel 

de fournir aux cliniciens un outil de mesure à la fois objectif et approprié au développement pour 

une utilisation avec des enfants. 
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PREFACE 

Contributions of Authors: 

There were many steps involved in the successful completion of this thesis. Initially, a 

proposal was written by Dakota Treleaven and was approved by supervisor Dr. Isabelle Gagnon 

and committee members, Dr. Mimi Galiana and Dr. Anouk Lamontagne. The research proposal 

was then submitted and approved by the Integrated Program in Neuroscience at McGill University. 

Data collection took place throughout this process to which the author, Dakota Treleaven 

participated. Next, the data was extracted from the already assembled Concussion Clinic Database. 

In addition, since this study required access to details in the participants medical history, this 

information was retrieved from the patient’s electronic medical record at the Montreal Children’s 

Hospital. The next step involved data analysis, which was overseen by supervisor Dr. Isabelle 

Gagnon and Saccade Analytics CEO Isabel Galiana. The thesis was written by Dakota Treleaven 

under the close supervision of Dr. Isabelle Gagnon and feedback from the supervisory committee.  

 

Thesis Format:  

The global aim of this thesis was to explore the relationship between oculomotor and vestibulo-

ocular function in children with and without a history of concussion. Following the regulations 

of Graduate and Post-doctoral Studies (GPS), a manuscript-based style has been adopted for this 

thesis, with the intention of submission to a scientific journal for publication. It is required by the 

GPS to include a literature review and a conclusion that are separate from the manuscript. Thus, 

the possibility for redundancy of material is inevitable.  
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Chapter 1 is the literature review, which is divided into five sections. Section 1 is dedicated to 

background information regarding the incidence of concussion in children, symptomatology, 

premorbid and comorbid disorders that may put a child at increased risk of a subsequent head 

injury, exacerbated symptoms or prolonged recovery, the pathophysiology of concussion and 

research addressing the diagnosis and management of concussion in children. Section 2 

introduces the visual system and covers the basic visual pathway and the relationship between 

visual function and concussion. This section also introduces the oculomotor system and focuses 

on anatomical pathways of the system and the eye movements involved (smooth pursuit, 

vergence, saccades, anti-saccades). Section 3 describes the vestibulo-ocular system, its 

neuroanatomical structures and the interaction between the visual and vestibular systems. Section 

4 reviews common assessment tools for the oculomotor and vestibular systems, highlights some 

of the more complex diagnostic tools and addresses common properties of eye tracking devices 

and their application in concussion research.  

Chapter 2 highlights the rationale and objectives of the study.  

Chapter 3 consists of the manuscript with a standard format: introduction, methodology, results, 

discussion and conclusion.  

Chapter 4 is the final and concluding chapter of this thesis. It includes a global summary and the 

overall conclusions of the thesis.  

Appendices includes a sample report from the eye tracking assessment (InSight Software), the 

Post- Concussion Symptom Inventory versions 5-12 years of age and 13-18 years of age and a 

summary table of the important variables addressed in this study.  
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The References chapter includes a complete list of references outside of those referred to in the 

manuscript. 
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CHAPTER 1 

REVIEW OF THE LITERATURE 

 

Section 1: Concussion/Mild Traumatic Brain Injury 

1.1.1 Definition and Incidence 

 

The most commonly used definition of concussion in clinical practice and research is 

provided by the 2016 Berlin Consensus Statement on Concussion in Sport which states that a 

concussion is “ a traumatic brain injury induced by biomechanical forces.”[1] It also states that 

there are “several common features that may be utilised in clinically defining the nature of a 

concussive head injury”[1] The following criteria are applied: “1) may be caused either by a 

direct blow to the head, face, neck or elsewhere on the body with an ‘impulsive’ force 

transmitted to the head. 2) Typically results in the rapid onset of short-lived impairment of 

neurological function that resolves spontaneously. However, in some cases, symptoms and signs 

may evolve over several minutes or hours. 3) May result in neuropathological changes, but the 

acute clinical symptoms largely reflect a functional disturbance rather than a structural injury, 

and as such, no abnormality is seen on standard structural neuroimaging studies. 4) Results in a 

range of clinical signs and symptoms that may or may not involve a loss of consciousness”[1].  

  The World Health Organization (WHO) task force on mild traumatic brain injury 

(mTBI) defines it as an “acute brain injury resulting from mechanical energy to the head from 

external physical forces. Operational criteria for clinical identification include (1) 1 or more of 

the following: confusion or disorientation, loss of consciousness for 30 minutes or less, 

posttraumatic amnesia for less than 24 h, and/or other transient neurological abnormalities such 



15 
 

as focal signs, seizure, and intracranial lesion not requiring surgery and; (2) Glasgow Coma 

Scale score of 13–15 30 minutes post-injury or later upon presentation for healthcare; (3); the 

manifestations of mTBI must not be related to other systematic injuries, the use of drugs, alcohol 

or medications, or a craniocerebral injury.” [2]. The terms concussion and mTBI have often been 

used interchangeably but researchers are now suggesting they be treated as a continuum with 

concussion representing the least severe end of the spectrum [3]. For the purpose of this thesis, 

the two terms (concussion and mTBI) will be used equivalently.  

Data from the Center of Disease Control suggests that up to 3.8 million concussions 

occur annually and that approximately 65 % of reported concussions occur in the pediatric and 

adolescent population [4].  Children have a unique vulnerability to concussion because of 

mechanical and neurobiological factors that underlie brain maturation [5]. Reports suggest that 

children have more severe and prolonged symptoms and are at an increased risk of repeat injury 

[6].  

 

1.1.2 Symptomatology   

 

There has been growing recognition that concussions can have adverse affects on 

children and adolescents across varying aspects of their lives. This includes their home life, 

academic performance, social relationships, and sport participation. Symptoms of concussion are 

generally divided into 4 main categories: Physical, cognitive, emotional, and sleep-related [8]. It 

is normal to experience a variety of these symptoms during the first 72 hours post injury and for 

some of these symptoms to linger up to 3 months after injury [9]. The resolution of the clinical 

and cognitive symptoms typically follows a sequential course. However, it is important to note 

that in some cases, symptoms may be prolonged [1]. If symptoms persist past the 3 month mark, 
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a diagnosis of persistent post concussion symptoms and prolonged recovery becomes 

increasingly more likely [10]. In an attempt to describe the natural progression of symptom 

change by age group ( 5-7, 8-12 and 13-18 years of age) and sex (n=2716), Ledoux [11]found 

that in younger children, symptom change primarily occurs in the first week after injury. 

Whereas in children over the age of 8, symptom change is prominent in the first two weeks and 

flattens between 3-4 weeks. In a pediatric study in Alberta, Canada (n=670) 58.5 % of children 

diagnosed with concussion remained symptomatic in the initial 30 days following concussion, 

11% at 90 days and 2.3% at one-year post injury[12]. Persist symptoms limit participation in 

academic and recreational activities which can have a negative impact on patients’ quality of life. 

In one study of 1667 children, researchers found that 510 participants experienced persist 

symptoms (complaints of a minimum of 3 symptoms on the Post-Concussion Symptom 

Inventory) 1 month after injury, and those children reported significantly lower scores on the 

Pediatric Quality of Life Inventory Version 4.0.[13] Further, the difference in scores remained 

consistent at two- and three-month follow-ups.[13] 

Physical Symptoms. Headache is the most reported symptom after a concussion, with 

the prevalence ranging between 30 and 50 percent on the day of injury [14]. An mTBI can affect 

various anatomical sites in the brain and may be associated with neck pain [15]. Dizziness is 

another commonly experienced symptom following mTBI that may be caused by central or 

peripheral dysfunction in the vestibular system [16] Vision changes, such as blurred and or 

double vision can also occur, which can lead to difficulty sustaining near vision for prolonged 

time periods [17]. One research study determined that presentation of somatic symptoms within 

28 days post injury was categorized as the strongest contributor to delayed recovery in children 

and adolescents [18].  
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Cognitive Symptoms.  The most common cognitive symptoms post-concussion include 

difficulty paying attention or multi-tasking, memory deficits and disorientation [19]. Rieger [20] 

compared cognitive performance in children who had sustained a concussion to those with an 

orthopaedic injury. Results concluded that the participants with concussion performed 

significantly worse on visual memory tests and that memory impairment following concussion 

appear to involve working memory [21].  After sustaining an mTBI the patient may report 

feeling ‘foggy’ or ‘sluggish’ and have trouble concentrating and following directions or 

conversations [9].   

Emotional Symptoms. The most common emotional symptoms experienced following 

an mTBI include increased irritability, nervousness, anxiety and sadness/ depressed mood [9]. 

One longitudinal cohort study of 179 children with concussion (ages 8-18) found that children 

with delayed recovery ( >3 months) reported greater scores on measures of postinjury anxiety 

and preinjury somaticizing tendencies than those who saw symptom resolution within 1 month 

post injury  [22]. Although emotional symptoms in children post concussion is not well 

researched, studies do show that concussed athletes show alterations in functional connectivity in 

regions associated with emotional processing [23, 24]. Specifically, researchers found an inverse 

correlation between depressed mood and connectivity of the left angular gyrus to supplementary 

motor areas [23].  

Sleep-related Symptoms. Although few studies address sleep in children and 

adolescents after concussion, Pillar [25] found that excessive sleep was the most common 

complaint (40 % of participants) and that trouble falling asleep had the most severe 

consequences on children aged 12-17 years old. Complaints of sleep quality and quantity are also 

frequent after concussion [9]. In one pediatric study, Wiseman-Hakes [26] found that children 
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and youth have transient alterations in daytime sleepiness related to concussion symptoms, and 

that younger children ( ages 6-11 years old) are more susceptible to disturbances in sleep than 

older children ( ages 12-18 years old). The disruption to sleep that frequently occurs subsequent 

to mTBI may impede recovery in the short term and could lead to a protracted course of recovery 

in the long term. 

 

1.1.3 Predictors of Prolonged Symptoms/ Recovery 

Current evidence shows that severe and acute symptoms, delayed removal from play, 

history of mental illness, headaches and/or migraines are predictors for prolonged and difficult 

recovery. In a literature review of 561 studies, Zemek [27]concluded that the risk for persistent 

concussion symptoms is increased in older children when there is a loss of consciousness, 

headache, nausea or vomiting and dizziness at the  time of injury. Additionally, Zemek [27] 

found that patients with premorbid conditions such as previous head injury, learning difficulties 

and/or behavioural problems may also be at increased risk of lingering symptoms. One study that 

addressed the comorbidity of headaches, depression and concussion in 212 participants indicated 

that most participants (65%) reported new or worse headaches during baseline assessment and 

that, there was an increase in comorbidity from 11 percent at baseline to 25% at 1-year post 

injury for depression. A high-risk ratio was also found in cases where both headache and 

depression increased significantly between baseline and 1-year post- injury [28].   

Gender is one factor that contributes to concussion incidence and recovery. It has been 

suggested that females are at a higher risk of mTBI due to higher rates of glucose metabolism, 

weaker musculoskeletal head support and changes in estrogen and progesterone throughout their 

monthly cycle [29].  Although females experience greater decline from baseline, report more 
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post-concussion symptoms and are cognitively impaired at a rate nearly 2 times that of males 

[30],  men are more likely to have difficulty with externalizing behaviours and emotional 

regulation when compared to females [31]. According to Ledoux [11], adolescent females show 

the longest recovery times in children between the ages of 5 and 18 years of age with over half of 

the female adolescents failing to recover by 12 weeks post-injury. 

Participation in sports and recreational programs also puts children and adolescents at an 

increased risk of brain injury. Specifically, 30 % of head injuries reported in children and youth 

between the ages of 5 and 19 are sports related [32]. However, Grool [33] found that children 

and adolescents ( n= 2413, mean age =12 years old) who returned to light aerobic exercise in the 

first 7 days post injury are at lower risk of persistent post concussive symptoms., suggesting  that 

gradual resumption of physical activity; that does not aggravate symptoms or increase the risk of 

re-injury should begin as soon as possible following an acute concussion [34]. 

The age at which a concussion occurs also impacts the number and type of symptoms 

reported, with middle aged children (5-13) reporting having more overall symptoms than young 

children (under 5) or adolescents [35]. Young children report symptoms such as feeling sick, 

vomiting and headaches whereas children over the age of 5 are more likely to report symptoms 

related to memory, anxiety and dizziness [35]. 
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1.1.4 Comorbid Conditions 

Neck injury during mTBI has been linked to persistent post concussive symptoms.  

Hynes and Dickey [36] found a strong correlation between whiplash neck injuries and the 

symptoms experienced post concussion in a sample of male college level hockey players. Their 

results showed that whiplash- associated disorders and concussion occurred together in all 183 

participants regardless of how the injury was sustained. Further, the number of symptoms was 

not strongly associated with the severity of the injury and the whiplash related and concussion 

symptoms did not resolve at the same rate. Recent studies also show that females who sustain an 

mTBI between the ages of 5 and 49 years old have a significantly higher rate of comorbid neck 

injuries than males [15].  

 

1.1.5 Pathophysiology  

 

 Most of the research into the biomechanics of mTBI has focused on animal models in 

which trained technicians intentionally induce a brain injury event using experimental 

techniques. Mechanically induced brain injury initiates ionic, metabolic, inflammatory, 

mitochondrial and neurovascular changes in the CNS, creating a mismatch between energy 

supply and demand [37]. This evokes an energy crisis following mTBI as the body attempts to 

restore ionic homeostasis.  This energy crisis is believed to be related to the increased 

vulnerability of sustaining a secondary impact during the recovery period [38].   

  With a growing awareness of the possible long-term consequences of mTBI, it has 

sparked a search for objective biomarkers of concussion. Although the exact mechanism of brain 

injury following mTBI is not well understood, research shows a complex cascade of ionic, 

metabolic and pathophysiological events that lead to the disruption of brain function [39]. The 
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acceleration and deceleration forces that occur during a concussion initiate a sequence of 

neurochemical and metabolic events that can alter homeostasis. The sudden stretch and shearing 

forces cause a temporary perturbation in the plasma membrane. This initiates a flux of ions 

including excessive glutamate release, an efflux of potassium, influx of sodium and calcium and 

an alteration in the function of voltage gated ion channels [40].  

Changes in Cerebral Blood Flow (CBF). Following an mTBI, patients may experience 

changes in cerebral blood flow. Regional blood flow is decreased in frontal and temporal lobes in 

regions that are involved in autonomic regulation and the processing of emotions [41]. A 

prospective experimental study of female college athletes who sustained a sport related mTBI 

indicated that participants with a history of concussion had significantly lower minute ventilation 

and abnormal CBF regulation during a treadmill exercise [42] reports that children who 

experience delayed symptom recovery (greater than 40 days) have higher global CBF when 

compared to participants who recovered within 2 weeks and uninjured controls. Following that 

study, Brooks [44] used MRI technology to measure cerebral blood flow in patients between the 

ages of 8 and 19 up to 90 days post injury. Results indicated no significant differences between 

the mTBI group and controls for global CBF, but youth with prior concussions had regions of 

hypoperfusion in the left and right lingual gyrus, right inferior frontal gyrus and the left fusiform 

gyrus. This suggests that mTBI may have a different impact on CBF in adults compared to 

children and adolescents.  

Axonal Injury. Due to the highly structured organization and anatomical make up, axons 

are especially vulnerable to tissue damage post-mTBI. Axonal dysfunction and changes in 

neurotransmission are often to blame for the slowed reaction time and cognitive difficulties 

experienced after a concussive injury. Specifically, the rapid head deceleration induces axonal 
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shearing because excessive force is transferred onto the affected neurons [38]. It is the impact 

velocity rather than force that predicts axonal injury, with greater impact velocity associated with 

greater neuronal shearing and prolonged tissue recovery [38].  

MTBI also induces impairments in cerebral energy metabolism which can hinder tissue 

repair. Prins [45] used an animal model focused on juvenile rats from 3 conditions; single mTBI, 

repeat injury and sham control. The introduction of a second injury within 24 hours of the initial 

impact resulted in increased axonal damage and memory impairments when compared to rats 

who had only received one impact. The key biochemical issue lies in the incomplete resolution 

of the initial energetic crisis triggered by the first impact. 

 White matter injuries occur when bundles of myelinated axons become damaged [46]. 

White matter makes up about sixty percent of the brains volume and acts as a rely station to 

allow communication between different brain areas. A study of college football players used 

Magnetic Resonance Imagining (MRI) to explore changes in white matter post mTBI. The scans 

showed that in comparison to controls, the mTBI participants had a reduction in water diffusion 

throughout the white matter at time periods of 24 hours, 6 days, and 6 months post injury. When 

compared to symptom reports, a positive correlation was found between the severity of 

symptoms reported post mTBI and the extent of white matter damage [46]. In a prospective 

longitudinal study, Van Beek [47] examined mathematical abilities and white matter in a group 

of 20 children (ages 7-14) post mTBI. White matter and cognitive abnormalities seen at 1-month 

post injury had resolved by follow up at 6 months, but children continued to show working 

memory deficits compared to controls. At the 6 months follow up, control participants showed 

normal maturation of the corpus callosum, where as mTBI children had marked deficits in 
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maturation. Taken together the research suggests different patterns of recovery in white matter 

tissue between children and young adults.  

Changes in the Blood Brain Barrier. The blood brain barrier (BBB) is an important part 

of the neurovascular system. Its primary role is to create a restrictive barrier between the CNS 

and the rest of the body, but it is also responsible for the reuptake of molecules and acting as a 

regulator for cerebral blood flow [48]. BBB disruption and the neuroinflammation that 

accompanies it is a marked characteristic of severe TBI and is less prevalent in cases of mild 

injury [48]. Although research has shown that BBB leakage can occur after experimental 

concussion. Johnson [49] used a swine model of head acceleration based on human concussions 

to explore BBB integrity after concussion. At 6-72 hours post injury, researchers found 

multifocal disruption of the BBB in experimental pigs when compared to sham controls. 

Interestingly, leakage of proteins was more likely to be found along the gray-white matter 

boundary suggesting that interfaces between regions of tissue with varying material properties 

are at greater risk of leaked proteins post mTBI. In one study of 67 college football players, 

researchers took blood samples and found that those with the most concussive injuries had 

elevated levels of s100B antibodies (a glial-specific protein secreted by cells in the central 

nervous system that is used as a marker of BBB disruption). Further, they found that post-season; 

elevated s100B levels were correlated with impulse control and balance problems [50].  

Functional Connectivity. Functional brain connectivity refers to temporally correlated 

activity in spatially distinct brain areas [51]. It is responsible for binding different regions 

together and integrating dimensions of cognition such as emotion, memory and motor planning. 

A balance in the increase and decrease of connectivity at different time points throughout the 

brain is vital for optimal brain function [52]. Neurophysiological changes have been found in the 
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early weeks after mTBI using fMRI, suggesting that mTBI may alter functional connectivity 

between different brain regions. Using MEG, Zouridakis [53] compared patterns of functional 

connectivity in a group of 10 right-handed mTBI patients and matched controls. For local 

connections, both groups showed similar densely connected networks. Although, mTBI 

participants had mostly peripheral connections and had significantly less density in centroparietal 

regions when compared to controls. In long range connections, mTBI participants had 

significantly less connections and asymmetric connections between the two hemispheres in 

occipital and frontal areas. This suggests that long range connections are more susceptible to the 

accelerated impact and may constitute a reliable biomarker for mTBI. 

 

1.1.6 Diagnosis & Management 

 Effective diagnosis and management of concussion requires several evaluations at 

different time points post- injury. Patients do not always seek immediate medical care, so 

medical professionals must be prepared to provide effective care for any point in recovery. 

According to Mathews [19], concussions should be evaluated at three important time points: 

immediately after a suspected head injury, within the first 24 hours, and in the weeks following 

the diagnosis. The immediate assessment is focused on ruling out severe spinal cord or brain 

injury and immediate removal from activity to avoid a second impact. In the first 24 hours post 

injury, management is focused on evaluating signs and symptoms, reviewing medical history and 

conducting a neurological examination which includes aspects such as vision, hearing, strength, 

sensation, balance, coordination and reflexes. Cognitive assessments that evaluate memory, 

concentration and the ability to recall information are also important in diagnosing concussion 
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[19]. In cases where there is a suspected bleed, structural damage or noticeable motor and/or 

neurological deficits, a doctor may request imaging such as an MRI or CT scan [49].  

 Self Report Assessments. In early research, most concussion assessments used a 

Likert scale to document the number and severity of concussion related symptoms. These 

assessments predominantly focus on neurological state, self-report, and subjective recall of the 

traumatic event and post-injury symptoms  [54]. These types of assessments have high 

susceptibility to response bias [55] lack objective markers and rely on baseline scores to 

determine if there has been a change in a patient’s physical, emotion or neurological state [56]. 

One example of these types of assessments is the Post-Concussion Symptom Inventory (PCSI) 

[57]. Most of the factors that jeopardize the validity of concussion assessments can be limited by 

standardizing the testing environment, having appropriately trained personnel, providing clear 

and concise instructions and examining baseline scores for any inconsistency that may suggest a 

lack of understanding or intentional poor performance [56].  

  Multi-dimensional Assessments. In recent years, there has been a change to a more 

multi-dimensional approach which is done in a clinical setting and involves a battery of tests to 

assess a combination of physical, psychological and neurological abilities [9]. Assessments such 

as the Sport Concussion Assessment Tool 5 (SCAT5) and the Standardized Assessment of 

Concussion (SAC) include both symptom scores and objective clinical aspects. The SCAT 5 

includes an immediate on field assessment of observable signs, memory tasks, completion of the 

Glasgow Coma Scale and a cervical spine assessment. A secondary off field assessment is 

conducted in a distraction free environment with the individual in a resting state. It involves a 

detailed background check, symptom Likert scale, a cognitive and a neurological screening [58]. 

To try and limit the chance of error, clinicians often rely on change scores and confidence 



26 
 

intervals. For example, one study showed that if a SAC score declined by five or more points 

between baseline and injury, the clinician can have a 99% confidence that the change is related 

to something other than normal test-retest variability [56].  

 Computerized Assessments.  Popular computerized concussion assessments include the 

Immediate Post Concussion Assessment and Cognitive Testing (ImPACT), Concussion Sentinel 

and the Headminder Concussion Resolution Index (CRI). ImPACT assesses concussions by 

providing pre and post head injury evaluations and includes a series of timed questions that 

compute 4 composite scores including verbal memory, visual memory, visual-motor processing 

speed and reaction time. [59]. The Concussion Sentinel uses seven tests to develop 5 five output 

scores including verbal memory, visual memory, visual motor speed, reaction time and impulse 

control [60]. The CRI uses 6 tests to produce 5 index scores including processing speed, simple 

reaction time, complex reaction time and reaction time errors [60]. Broglio [61] explored the 

test-retest reliability of these three assessment programs and found low to moderate reliability 

coefficients in a sample (n=188) of healthy university students.   

 In recent years, the addition of vision-based testing to symptom report, cognitive and 

balance testing has enhanced the effectiveness of concussion assessment. For example, in a 

cohort of 243 youth athletes, Galetta [62] examined the effectiveness of the King-Devick test, the 

SAC and a timed gait test of balance. Of the three, the vision-based King-Devick test showed the 

greatest capacity for distinguishing concussed children from healthy children. This suggests that 

the visual system may play a greater role in concussion diagnosis and management then 

previously alleged.  
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Section 2: Vision and Oculomotor Function 

1.2.1 Basic Visual Pathway  

 The visual pathway includes the retina, optic nerve, optic chiasm, optic tract, lateral geniculate 

nucleus, optic radiations and the striate cortex [63, 64]. t starts with the projection of ganglion 

cell axons from the retina to the optic nerve which then project to the opposite hemisphere of the 

brain. The eyes are located at the front of the head so the visual fields of the two retinas overlap 

at the center of each visual hemifield. Each retina projects axons to both hemispheres. Those 

located in the nasal retina send their projects to the contralateral hemisphere, while those of the 

temporal retina send axons to the ipsilateral hemisphere [63]. The striate cortex (V1) is located 

almost entirely on the medial surface of the occipital lobe, has a thickness of approximately 2 

mm and is organized into horizontal and vertical columns [65]. The visual cortex is the area of 

the brain where objects are analyzed both in and out of their visual context. Different cells 

respond to different aspects of an object such as its edges, curvature, direction of movement and 

colour. The visual cortex is the first location in which signals from the two eyes converge and 

begin analyzing disparity in objects presented within the visual field. 

The expansiveness of the visual system required to produce eye movements makes it an 

attractive area for research on concussion. Disruption in the visual system is common following 

a concussion, with approximately 70% of children and adolescents experiencing at least 1 visual 

abnormality post mTBI [66]. Visual symptoms attributed to poor oculomotor control include 

diplopia, eyestrain, impaired visual scanning and blurred vision [67]. 
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1.2.2 Neuroanatomy  

 The oculomotor system is part of the central nervous system. Its primary function is to 

maintain visual stability and control eye movements to keep an image on the center of the fovea 

[68]. The ocular muscles are subdivided into two categories: involuntary intrinsic muscles and 

voluntary extrinsic muscles. The intrinsic muscles include the ciliary muscle, the iris sphincter 

and the iris dilator, which are located within the eye and control the movement of internal ocular 

structures [69]. The 6 extraocular muscles are the medial rectus, lateral rectus, superior rectus, 

inferior rectus, superior oblique and inferior oblique, which control the movement of the eye 

globe [68]. All eye movements are defined by the rotation around one or more axes. These axes 

divide the globe into quadrants that intersect at the center of rotation [68]. Movements that 

involve only one eye are referred to as ductions and involve rotations in both the vertical and 

horizonal planes. Movements that involve both eyes are referred to as vergences or versions, 

dependent on the direction of movement [65].   

Oculomotor function begins at the level of the brainstem and involves three different 

cranial nerves. The abducens nerve (cranial nerve 6) exits the midbrain at the junction of the 

pons and medulla and controls the lateral rectus of the ipsilateral eye. The abducens enters the 

subarachnoid space and runs upward to the dura mater, through the cavernous sinus and enters 

through the superior orbital fissure where it innervates the lateral rectus of the eye [63]. The 

trochlear nerve (cranial nerve 4) controls the superior oblique of the contralateral eye. The 

trochlear nerve exists the dorsal region of the brainstem and passes between the superior and 

posterior cerebral arteries before piercing the dura. Although it has the smallest number of axons 

of all the cranial nerves, it also expands over the greatest intracranial length [63]. The 

oculomotor nerve (cranial nerve 3) exists the brainstem at the base of the midbrain, passes 
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through the cavernous sinus and proceeds through the supraorbital fissure to reach the orbit of 

the eye and has both somatic and autonomic fibers that are important for different eye 

movements[63].  

The extraocular muscles are densely innervated resulting in precise fine motor control and 

high velocity during ocular movements [68]. The individual action of each muscles depends on 

the shape of the orbit, the insertion point, and the initial position of the eye [69]. The medial and 

lateral rectus are innervated by three cranial nerves and work together to control horizontal eye 

movements. The actions of these two muscles are antagonistic, meaning one must contract while 

the other remains relaxed. The remaining four muscles work together to control vertical eye 

movements and rotation around the mid-orbital axis [63]. The superior rectus produces eye 

elevation whereas the superior oblique produces eye depression and is also responsible for medial 

rotation and abduction. The inferior rectus produces eye depression whereas the inferior oblique 

produces eye elevation, lateral rotation and abduction [70].  

 

1.2.3 Eye Movements 

Smooth Pursuit. Smooth pursuit of a predictable target is based on input from the retina 

and is coordinated by the cerebellum [71] which requires attention, expectancy and working 

memory to maintain gaze fixation [72]. Smooth pursuit is routinely tested by clinicians by asking 

a subject to track a moving object within the visual field. Such movements are under voluntary 

control. Smooth pursuit movements show characteristics; the delay is shorter and maximal velocity 

is higher than in simple eye tracking.  In a laboratory setting, pursuits can be broken down into 

several different functions: (1) initiation of the eye movement, (2) pursuit maintenance and (3) 
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using the knowledge of predicable movement of the target [73]. Initiation of the pursuit involves 

measures of pursuit latency (the time period prior to pursuit initiation. Typically, 90 -150 ms) and 

pursuit eye velocity that occur in the first 100 ms when feedback is not yet available [74]. Pursuit 

maintenance uses a measure of retinal slip (motion of the visual image on the surface of the retina) 

to control eye velocity and close the feedback loop [73]. The system performance at this stage is 

quantified by pursuit gain (ratio of eye to target velocity). Lastly, the knowledge of predictable 

movement of the target requires the differentiation of the eye position signal be compared to the 

stimulus.  

Smooth Pursuit and mTBI. Abnormalities in smooth pursuit can be easily missed during 

standard clinical examination because the dysfunction (reduced tracking accuracy)  is so subtle 

that it is difficult to detect by the human eye [71]. A recent study that included 36 adolescent 

athletes (18 concussion patients and 18 age matched controls) by Murray [75] used an eye tracking 

device to increase precision in measuring eye movements. They found statistically significant 

between-group differences in smooth pursuit velocity (measure of the speed of the pursuit) but not 

in smooth pursuit amplitude (denoted using gain: the ratio of the actual pursuit size compared to 

the desired size).  More precisely, the eyes moved in the horizontal direction at the same average 

distance in the two groups but adolescents in the mTBI group had much slower movements and 

thus more difficulty tracking the target accurately. 

Saccades. According to Murray [75] smooth pursuit and saccades are both required for 

successful object tracking. A saccade is a quick, simultaneous movement of both eyes between 

two or more phases of fixation [76]. For saccade generation, the visuospatial information produced 

by the stimulus is relayed from the occipital lobe and then processed in the posterior parietal cortex. 

Saccades are then generated and executed in different areas of the parietal and frontal lobe 
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including the frontal eye field, dorsolateral cortex and supplementary motor areas [77]. Visual 

saccades are under voluntary control and occur in both the horizontal and vertical planes to bring 

stationary visual targets onto the center of the fovea where acuity is at its highest [78]. The neural 

representation of the motor command for saccadic responses takes place at the level of the 

brainstem [79]. The ocular motor neurons encode characteristics of a saccade in terms of temporal 

discharge to evaluate the size of the saccade and how proportional it is to the number of discharge 

spikes [80]. Saccades last between 15 and 100 ms, can reach velocity levels that exceed 700 

degrees per second, vary in size, and typically occur with a latency of 200- 250 ms [68].   

During a saccade there is a high frequency burst of phasic activity in the agonist ocular 

muscle and its corresponding ocular motoneurons that occurs approximately eight milliseconds 

before the eye starts to move [63]. This burst is responsible for generating the force necessary to 

move the eye quickly from one point to another. At the end of the saccade the agonist muscle and 

its ocular motoneurons assume a new, higher level of tonic innervation to hold the eye in its new 

position [80].   

Saccades and mTBI. Saccadic eye movements are the most frequently studied oculomotor 

measure in mTBI research [81]. Patients with mTBI demonstrate increased saccadic latencies, 

higher directional errors, poorer spatial accuracy, and longer intervals between saccades when 

compared to healthy controls. [82, 83]. Patients who recently experienced a concussion (within 90 

days of presentation to the clinic) generate fewer self-activated saccades with research showing a 

negative correlation between the total number of saccades and the severity of symptoms [84]. A 

negative correlation is also said to exist between the number of saccades and performance on 

neurological tests that examine executive function. In a systematic review, researchers determined 

that the most commonly reported findings across the literature are greater amplitudes, smaller peak 
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accelerations, slower velocities, and less accurate target prediction during saccade tasks in 

participants with mTBI when compared to healthy controls [85] 

Anti-Saccades. An anti-saccade is a voluntary eye movement made in the direction 

opposite to the side where a stimulus is presented [63]. The anti-saccade task involves two mental 

processes: the inhibition of triggering a reflexive saccade toward the stimulus and the inversion of 

the visual target vector (the amplitude of the stimulus from one hemifield to the other [86]. Anti-

saccades are a form of predictive visual tracking and require both attention and working memory 

[3]. The prefrontal cortex is believed to be an important substrate for coordinating and executing 

these types of functions. Anti-saccades carry a high cognitive load, which makes errors and 

latencies produced during the task a possible indicator of abnormal activity in the frontal lobe [86].  

Anti- Saccades and mTBI. Adults with mTBI show increased latencies, higher directional 

errors and poorer spatial accuracy during anti-saccades [87]. Although studies that address anti-

saccadic eye movements in children with concussion are sparse,  one study by Phillipou [76] found 

that children with mTBI (n=26) showed increased latency and a greater number of errors than age 

matched controls (n=29) during a battery of saccadic eye movement tasks. Research by Heitger 

[88] suggests that anti-saccade latency tends to return to normal 1week post injury, but accuracy 

differences are found up to a few months post-mTBI suggesting a greater impact of mTBI on the 

ability to invert the visual vector than the ability to inhibit the reflexive saccade system.  

Vergence. Vergence refers to the movement of the eyes when tracking objects at varying 

degrees of depth in the binocular visual field (convergence for closer targets (+), divergence for 

distant targets (-)) [69]. Vergence in the binocular system can be caused by amblyopia, or more 

relevant here, by any asymmetry in bilateral neural responses to selected stimuli. Continuous 

small, highly accurate adjustments in vergence are necessary to maintain binocular alignment in 
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order to avoid diplopia or partially overlapping images [89]. Vergence movements change over 

the course of development, and this is especially prominent in a measure known as the near point 

of convergence (NPC). NPC is a measure of the amplitude of convergence, or the closest point in 

space where an individual can hold fusion and see a target [89]. The mean NPC decreases 

significantly between the ages of 2 and 17 years old. Thus, children can fuse images at a closer 

proximity in early years then later stages of development [90].  

Vergence and mTBI. Vergence appears to be an important component of the oculomotor 

system with approximately 40-60% of patients presenting accommodative or vergence issues 

following mTBI [91]. Szymanowicz [92]explored the wide range of static and dynamic aspects 

of vergence in mTBI patients. Their results indicate that participants with concussion show 

decreased peak velocity and longer latencies when performing both convergence and divergence 

tasks. Although research has yet to explore vergence in children with concussion exclusively, 

one study with participants between the ages of 9 and 35 found that when assessing static 

parameters concussed individuals show reduced near point convergence and when the task 

involves dynamic parameters the response of those with mTBI are slowed, variable, and delayed 

[93].  
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Section 3: Vestibulo-Ocular Function 

1.3.1 The Vestibular System 

The main function of the vestibular system is to detect the position and movement of the 

head in space for the purpose of coordinating balance, movement, and spatial orientation [94]. It 

is composed of various structures including the bony and membranous labyrinth and specialized 

sensory hair cells located in the inner ear. There are three semicircular canals (SCC) located in 

the inner ear responsible for facilitating the extraocular muscles on one side, while inhibiting 

muscles on the opposite side and providing sensory neural input related to angular acceleration in 

order to coordinate head and eye movements through the vestibular ocular reflex (VOR) [95]. 

Primarily the VOR provides stable vision during head movements and helps to perceive spatial 

information from the surrounding environment [69]. There are two remaining reflexes; the 

vestibulo-collic (VC) and vestibulo-spinal reflexes (VS). The VCR shapes head movements and 

supresses reflex response to active, intended head motions and the VS works to stabilize the head 

and generate compensatory movements of the body [96] 

 

1.3.2 Neuroanatomy  

Central processing of vestibular information primarily takes place in the brainstem 

through afferent fibers of the 8th cranial nerve [96]. The signals enter the brainstem at a point 

near the medulla and pons known as the vestibular nuclear complex [97]. This complex is 

comprised of four major nuclei located at the floor of the fourth ventricle. The vestibular nuclei 

of the brainstem exchanges signals regarding body movement and position and sends signals 

down a variety of projection pathways [98]. Signals are sent bilaterally to the cerebellum [99] 



35 
 

which acts as a processor and modulator of vestibular information. Signals sent to the reticular 

formation communicate postural changes and signals sent to the spinal cord provide quick reflex 

reactions to regain balance after the change in posture [96]. Important projections are also made 

to the thalamus which allows for motor control and conscious awareness of body position in 

space [97]. 

 

1.3.3 VO Function  

Vestibular Ocular Reflex. The VOR is a reflexive eye movement that occurs to stabilize 

images on the retina during head movements [100]. It responds to a head movement with an eye 

movement of equal velocity in the opposite direction in order to preserve the image on the center 

of the visual field. The velocity of head movement is detected by the vestibular organ and 

provides information about both angular and linear acceleration [73]. Testing the peripheral 

functions of the VOR can be done in multiple ways including irrigation of the vestibular organ 

by cold and warm water, quick rotations of the head while a subject maintains fixation or whole-

body rotations with sudden stops to induce nystagmus  [73].  

VOR and mTBI. Peripheral vestibular disorders are caused by injury to the vestibular 

nerve and labyrinth. The most observed deficits include blurred vision, balance issues and 

vertigo [94]. Central vestibular disorders are much more common with mild traumatic head 

injury and occur when there is damage to the cerebellum or white matter [101]. Although there is 

minimal research covering VO function in children and adolescents, vestibular symptoms 

following mTBI are commonly reported, with dizziness being one of the primary predictors of 

prolonged recovery [94]. When the gain error between head and eye velocity is too great it can 
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result in symptoms of dizziness, unsteadiness, and oscillopsia [102]. In paediatric patients 

vestibulo-ocular dysfunctions are most apparent in visually stimulating environments including 

school and sports settings. Ellis [103] found the most common complaints from children include 

difficulty working on a computer for long periods, skipping words or loosing a spot while 

reading, anxiety and nausea with motion or when starring down the hallways.  Postural and 

visual symptoms related to the vestibulo- ocular system include dizziness, difficulty focusing or 

tracking moving objects, and trouble perceiving depth. These symptoms often result in impaired 

balance and or gait [104].  

 

1.3.4 Visual-Vestibular Interaction 

Although the visual and vestibular systems are inherently separate, they must work together to 

integrate information required to use visual input to manage motion in a three-dimensional space. 

When the head and eyes move together to track a single object the VOR must be suppressed to 

keep focused on the target. Disruption in this suppression can lead to motion hypersensitivity 

[105]. Some research suggests that vestibular projections to prefrontal areas (dorsolateral 

prefrontal and frontal eye field) play a role in smooth pursuit, saccades, convergence and 

accommodation [98]. Interaction between the oculomotor and vestibular systems are also 

important for encoding object and self motion [106]. Wright [107] investigated the role of visual-

vestibular processing deficits following concussion in adults and found that postural and visual- 

vestibular tasks most closely linked to spatial and self motion perception had the greatest 

discriminatory outcomes. These findings suggest that parieto-occipital centers and pathways may 

also be involved in concussion.  



37 
 

Section 4:  Assessment Tools for OM and VO Function  

1.4.1 Standardized Assessments 

 The King Devick (KD) is a quick and easy to administer test based on measurement of 

the speed of rapid number naming to identify correlates of suboptimal brain functioning 

including impairment of eye movements, attention and language [62]. It was originally 

developed as a reading fluency and comprehension assessment and results are found to correlate 

strongly with validated attention, processing speed, and visual scanning tests [108, 109]. When 

compared to pre-season baseline testing, an increase in the time taken to complete the test is 

indicative of a concussion with sensitivity and specificity values near 90 percent [110]. The KD 

has high efficacy as a sideline assessment tool but shows low test-retest reliability because of its 

susceptibility to learning effects [111].   

 The Vestibular Ocular Motor Screen (VOMS) measures 5 different eye movements: 

smooth pursuit, saccades, near point convergence, VOR and visual motion sensitivity. It is a 

clinical tool used to assess vestibular and ocular motor impairment through self-reported symptom 

provocation on 7 test items. It is performed by an examiner who records the patient’s symptom 

provocation for each assessment on a 10-point Likert scale. In a study of 64 mTBI participants 

with a mean age of 14 years old, 60 % of patients reported symptom provocation on at least 1 

VOMS item. When compared to healthy age- matched controls (n=78), symptom provocation 

during the VOR and visual motion sensitivity items is most predictive of a history of concussion. 

[112]. The assessment focuses on symptom reports and includes a measure of NPC that is 

measured three times. An NPC distance of greater than 5 cm along with a VOMS item symptom 

score of 2 or more is predictive of abnormal vestibulo-ocular function [112].  
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Although the VOMS is readily accessible to clinicians and does not require baseline data, 

it is designed to provoke vestibular symptoms, which make it susceptible to false positive results 

[56]. The VOMS takes only 5-10 minutes to administer and can be done on the sideline, but is 

sensitive to instruction and interpretation bias by the examiner which can weakening it’s reliability 

[112]. 

The Dynamic Visual Acuity test (DVA) is specifically designed to assess vestibular loss. 

The test is performed in a sitting position as the participant reads each line on the Snellen chart. 

The examiner flexes the participants head by 20 degrees in order to isolate the horizontal canal 

and then rotates the head back and forth in the horizontal plane at a frequency of 2 Hz. The smallest 

line read with less than three errors is recorded while the head is moving. The sensitivity and 

specificity of the test varies greatly depending on the examiner’s experience and the specific 

methodology used for the test. Variations include self versus active head movements, position of 

head and frequency of head movements [98]. The expected result in a healthy participant is a drop 

of zero to two lines on the chart and the cut-off for abnormal scores is a drop of three or more lines. 

Regardless of performance, any provocation of symptoms during the test suggests injury-induced 

alteration. 

The Head Impulse Test (HIT) is a widely used clinical assessment technique used to 

assess the angular vestibulo-ocular reflex. It assesses horizontal semicircular canal and superior 

vestibular nerve function in response to small amplitude, high acceleration rotational head 

impulses [56]. During the test, the patient fixates on a target while the examiner generates a rapid 

head impulse and monitors the patient’s eyes for corrective or compensatory saccades[113]. The 

clinical HIT is not scored and aVOR function is evaluated as normal or abnormal by the 

presentation of a compensatory saccade [114]. Use of high-speed video in a laboratory setting has 
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provided measurement of aVOR gain and eye movement latencies to validate the HIT. The video 

head impulse test (vHIT) is primarily focused on gain values, which can vary depending on several 

factors such as how tightly the headband in placed around the patient’s head or the examiners 

interpretation. Korsager [115] calculated the interclass correlation between gain values for 4 

examiners and found that 30-40 % of the variances for both healthy and mTBI patients are caused 

by interpretation discrepancies between examiners. 

 

1.4.2 Eye Tracking Systems 

One method of objective assessment of OM and VO function that has sparked a growing 

interest in concussion research is the use of portable eye tracking systems. The most readily used 

are video based eye-trackers, where two cameras record the two eyes at rest or during various 

tasks. Until recently, head movements have been restricted so that eye orientation simply 

determined the gaze direction.  Modern eye tracking involves an array of infrared or near infrared 

light sources [116] and have been extended to head-free protocols where head movement is tracked 

with linear and angular accelerometers, while both eyes are recorded with video. This allows 

controlled study of ocular reflexes and eye-head coordination in more natural tasks. Data is often 

analyzed using automated software algorithms and compared against a normative sample 

associated with the chosen test.   

The most common eye movement patterns recorded include smooth pursuit, saccades, 

fixation, anti-saccades and vestibular or optokinetic reflexes. Various metrics are extracted 

including direction, gain, velocity, amplitude, accuracy, and response time. Eye movement 

recordings offer the benefit of recording multiple parameters simultaneously at high rates. 
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Abnormalities in visual tracking have been reported in mTBI patients, using video-oculography 

[117].  

 Bin Zahid [118]explored the use of automated eye tracking as a biomarker for concussion 

post- injury in a sample of mTBI children. Results indicate group differences between the 

concussed and healthy controls on 12 out of the 15 metrics. In the concussed sample (n= 56), 70-

90 % of participants experienced symptoms during horizontal and/or vertical saccades. They also 

compared their results to a previous cohort of adults with and without concussion and found that 

some metrics (ratio of horizontal and vertical variance during VOR) were only significant in 

pediatric cases. This suggests that VOR changes might be more prevalent in the pediatric 

population than in adult populations, and highlights VOR dysfunction as an important aspect to 

consider when comparing OM and VO function in different age groups. 

 Abnormal eye movement patterns during gaze tracking have been found to accompany 

abnormal MRI results in mTBI patients. Participants performed fixation, anti-saccades and smooth 

pursuit while undergoing fMRI. Results indicate that mTBI subjects display longer latencies, 

worse position errors and fewer self paced saccades compared to normal volunteers. Additionally, 

concussed patients show recruitment of additional brain regions and larger activation sites than 

controls, as evidenced by fMRI [49]. This increased activity suggests that a compensatory process 

may exist to improve functional performance when there are small deficits in the network. Further, 

there may be a relationship between ocular motor deficits and the affected anatomical sites in the 

brain that could be best understood by recording eye movement patterns. 
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1.4.3 Virtual Reality Assessments 

 Virtual Reality (VR) devices are readily available to the public and are equipped for use 

in both professional and leisure activities. In a clinical setting, VR systems are most often used for 

medical simulation, in the treatment of phobias and addictions [119] and  have been used 

effectively to detect lingering balance deficits in clinical concussion care [120]. Using a 

prospective design, Nolin [121] compared the use of immersive VR to a standard computerized 

neuropsychological test in 25 sports-concussed and 25 non sport-concussed adolescents. VR 

showed greater sensitivity to the effects of sports concussion compared to the traditional test, 

which showed no between group differences. Sports concussions were also associated with greater 

deficits in attention and inhibition on both the VR and computer assessment when compared to 

adolescents with non sport-related concussion. Most research explores head mounted VR devices 

in situations that require mobility, which can be problematic for participants with motor and/or 

cognitive impairments because of the risk of falls and/ or subsequent injuries.  

Although VR systems may have a potential utility in understanding visual and vestibular 

deficits following concussion, previous literature contains small sample sizes, focuses on lingering 

deficits, and does not address feelings of cyber sickness; a common vestibular concern after 

concussion [119, 122]. Further, the hardware and software required to run VR systems are often 

costly, large and bulky and are highly technically advanced [120]. 
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1.3.4 VR combined with Eye Tracking 

 Head-mounted virtual reality (HMVR)  combined with eye tracking cameras have been 

advocated as a user-friendly, cost-effective, portable and non-invasive method to record eye-head 

trajectories [123]. These systems need to be comprehensible for therapists and patients and require 

strict calibration processes for accuracy. Findings of clinical efficacy of VR for vision and 

vestibular assessment are inconsistent and can vary greatly with and without performance 

feedback. The feasibility and clinical significance of VR combined with eye tracking is impacted 

by two main factors 1) number of repetitions of the task 2) guidance from an external supervisor 

[124]. One study in a sample of young adults (n=18) concluded that the addition of feedback during 

a VR saccade task increased specificity from 65 % to 80% [124]. VR is highly immersive, so it is 

vital that intervention be kept at a minimum. One way in which this can be accomplished is by 

providing a live video of the patient’s eyes so that the clinician can offer subtle feedback without 

large disruptions throughout the task. 

Additionally, eye movement tests often require baseline data or highly complex equipment. 

Current eye tracking systems have limitations that can greatly impact their sensitivity.  First, 

recalibration is required every time the head mounted device is adjusted or moved, and user 

acceptance of re-calibration procedures are low [119]. Secondly, specificity depends greatly on 

the combination of 2 factors 1) fixation detection 2) spatial proximity, which is not always 

available because it is heavily dependent on the fit of the headset [119]. Thirdly, when combining 

eye tracking with VR, synchronization of the recorded data and software needs to be highly 

precise. This is not always the case and can be affected by WIFI connection and delayed 

communication between the two systems [125]  
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 In summary, children and adolescents have a unique susceptibility to severe and prolonged 

symptoms and are at an increased risk of repeat injuries [3, 6]. Symptoms of concussion are 

variable in nature and include a combination of physical, cognitive, emotional and sleep related 

changes that impact  neurological, psychological and social developmental processes [126]. 

Concussion assessments are plentiful in nature and commonly address self report of symptoms, 

measures of balance and gait, neurological function, assessment of motor skills and recording of 

eye movements [3]. The expansiveness and complexity of the visual system makes it an attractive 

area for research on concussion. Oculomotor and vestibulo-ocular assessment with eye tracking 

has proven to be one technique that can provide quick, objective, and reliable feedback that 

pertains to the physiological aspects of the eye [127] Thus, by combining VR and eye tracking 

technology into one tool it will increases tracking accuracy, improve usability, and hopefully 

simplify the diagnosis and management of concussion in children. 
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CHAPTER 2 

Rationale and Objectives for Manuscript 

Mild traumatic brain injury has become a growing concern in the pediatric population and 

can result in a combination of subjective symptoms and objective deficits which may include 

visual complaints and/or visual dysfunction. Approximately 70% of children and adolescents aged 

11-17 years old report at least 1 visual symptom following a concussion [66]. Although this 

suggests that vision-related symptoms may be an important aspect of post-concussion assessments, 

the physiological mechanisms that underlie these symptoms are not well understood. 

Psychophysics has focused primarily on documenting convergence and saccades [128] leaving 

other important aspects of OM (anti-saccades) and VO function (VOR, visual slip, etc. ) virtually 

unresearched.  

Although children and adolescents are highly susceptible to concussion, the pediatric 

population is poorly represented in research on OM and VO deficits. Due to the high visual work 

load of school and extra-curricular activities, adolescents and children are especially limited by 

symptoms and impairments related to the visual system [129]. Current clinical assessments and 

self-report questionnaires have a high susceptibility to response bias and may not detect subtle 

abnormalities after concussion. Existing computerized and technology-based assessments of OM 

and VO are expensive, highly complex and not easily accessible to clinicians caring for children 

with concussions.  Traditional eye tracking methods are large and bulky, involve complex 

hardware systems (infrared lights, sensors etc.) and are restricted to highly controlled 

environments, limiting their practical utility [130]. This is especially pertinent in pediatric clinical 

research because of  the need for developmentally appropriate outcome measures and adaptations 
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required in research procedures and settings to accommodate children’s physical, cognitive and 

emotional development [131].  

 Although both self-report symptom scales and technological advances such as eye 

tracking demonstrate usability in concussion assessment, literature has yet to address similarities 

or differences in outcomes related to OM and VO function. The next step should be to identify 

unique eye movement patterns/ abnormalities that occur following a concussion and relate them 

to symptom etiology. According to a systematic review of 561 studies by Zemek, Farion [132], 

there was minimal and at times contradictive evidence to associate clinically available predictors 

with the development of post-concussion symptoms in children. Without a tool that is both 

accurate and affordable; clinicians have been left to rely on imprecise measurement tools. In recent 

years, recording and studying movement patterns of the eyes has become more accessible and has 

been suggested as one method to help fill existing gaps in the literature. 

 

Two specific but related research questions were addressed in this study: 

(1) To what extent do children with symptomatic mTBI differ from recovered or uninjured 

children for oculomotor (smooth pursuit, saccade, anti-saccades, vergence) and vestibulo-

ocular (VOR) function?  

(2) To what extent does OM and VO function relate to post-concussion symptoms severity in 

children with mTBI? 
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The study therefore addressed the following objectives and hypotheses: 

(1) To document OM and VO function in children who sustained an mTBI and were 

symptomatic at the time of assessment, and to compare them to that of clinically recovered 

children with prior mTBI as well as uninjured (healthy) children matched for age and sex; 

We hypothesized that  

H1a: Children who were symptomatic after an mTBI would present with significantly 

different OM and VO function when compared to children who were clinically recovered 

or uninjured. 

H1b: Children who were symptomatic after an mTBI would present with similar OM and 

VO function when compared to children who were clinically recovered or uninjured.  

(2) To relate OM and VO function to the severity of post-mTBI symptoms 

We hypothesized that 

H2: OM and VO function in children with symptomatic mTBI would be inversely related 

to the severity of their overall post-mTBI symptoms 
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3.1 Introduction  

Concussion or mild traumatic brain injury (mTBI) has become a growing concern in the 

pediatric population. It can result in a combination of subjective symptoms and objective deficits 

which may include visual complaints and/or visual dysfunction. Approximately 70% of children 

and adolescents aged 11-17 years old report at least 1 visual symptom (blurred or double vision, 

sensitivity to light, visual motion sensitivity, decreased peripheral vision, ocular pain and/or 

abnormal eye movements) following a concussion [1]. The visual system is particularly vulnerable 

to the effects of brain injury because of its expansive anatomy and connective pathways throughout 

the brain [2].  

Emerging research has detailed the effect of concussion on visual outcomes in children, with 

poorer performance observed post-injury [1]. Although visual symptoms are often reported, the 

physiological properties of the visual and vestibular system that underlie these symptoms and the 

natural progression of symptom change and recovery is poorly defined in children following 

concussion [3].  Objective assessment tools are expensive and are not portable which makes them 

difficult to access for studies on concussed children. In some respects, clinical research involving 

children and adolescents can be more challenging than research involving adults. These challenges 

include the need for developmentally appropriate outcome measures, the added complexity of 

parental involvement and family decision making, and adaptations required in research procedures 

and settings to accommodate children’s physical, cognitive and emotional development [4].  

 In recent years, recording and studying movement patterns of the eyes has been suggested 

as one method to overcome barriers associated with concussion diagnosis. These barriers include 

self report bias, (over or under reporting of symptoms) , the need for a quick, reliable and portable 
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sideline tool with objective biomarkers [5], and an assessment that can be easily adjusted for 

developmental appropriateness [6]. 

 Eye tracking refers to recording and studying eye movements in response to a stationary or 

moving objects/targets in either a naturalistic or laboratory setting [7].  For each eye, there are 6 

muscles that work together to control eye position and movement in 3D. The motor neurons that 

control these muscles coordinate their activities to produce eye elevation and depression, lateral 

and medial rotation, as well as eye adduction and abduction [8]. Together these movements 

contribute to optimal functioning of the eyes during visual tracking of moving objects and image 

stabilization during body locomotion [9]. Following a concussion, everyday tasks that require eye 

movements may become heavily impaired. For example, the ability to scan the visual environment 

for threats or move the eyes inward and outward to focus on objects of varying depths [10].  

 There are two functional classes of eye movements that are involved in visual function.  

Oculomotor (OM) function refers to the control of eye movements, such as the ability to locate 

and fixate on objects in one’s visual field. Vestibulo-ocular (VO) function refers to one’s ability 

to make compensatory movements of the eyes in relation to those of the head to stabilize vision 

when fixating on stationary and/ or moving objects [11]. OM and VO function require complex 

circuits in both cortical and subcortical structures that may be affected by concussion.  

  Eye tracking devices reliably detect and objectively record the movements of the eyes 

during simple or complex visual tasks [12] and are highly versatile, allowing tasks to be easily 

adapted for different age groups [13]. Thus, eye tracking during OM and VO assessments may 

prove to be an objective and sensitive marker of visual function following a concussion.  
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 The purpose of this study was therefore to compare oculomotor and vestibulo-ocular 

function in symptomatic, clinically recovered, and healthy children (aged 8-18 years old) using a 

novel eye tracking device and relate those functions to the severity of post-concussion symptom. 

 

3.2 Methodology 

Study Design: 

A prospective cross-sectional design was used to document OM/VO function using a 

computerized eye-tracking assessment and post-concussion symptoms in three groups of children 

and adolescents: those with symptomatic concussion, those with asymptomatic (clinically 

recovered) concussion, and healthy uninjured controls. The study was conducted in a speciality 

Concussion Clinic in a tertiary care pediatric trauma center. Computerized eye tracking assessment 

of OM and VO function was performed prospectively, and data was collected as part of the 

Concussion Clinic clinical activities, as were other clinical outcomes and important event dates 

(date of injury, date of assessments, date of discharge when applicable). Data for this project was 

extracted from the Concussion Clinic Database at the Montreal University Health Center 

(Montreal, Canada). 

 

Participants: 

The study was approved by the Research Ethics Board committee (REB) of the MUHC. 

Data from all children and adolescents having presented to the MCH Concussion Clinic between 

June 1st, 2018 and March 31st, 2019 between the ages of 8 and 18 years old having sustained a 

concussion in the last three months were considered for the study. Individuals who sustained a 

previous concussion within the last 12 months, had a prolonged period (>90 days) between their 
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injury date and OM/VO assessment, and/or reported any known existing visual disorders or 

learning disabilities were excluded from the study.   Concussed participants who meet the inclusion 

criteria and for whom computerized OM/VO function assessment were available were separated 

into two groups; 1) symptomatic or 2) recovered at the time of OM and VO testing (as determined 

by professionals of the Concussion Clinic).  The symptomatic group consisted of children and 

adolescents with post-concussion symptoms at the time of assessment, whereas the recovered 

sample were the participants whose symptoms had subsided and who had been cleared to return to 

all activities. Although participants were not matched by age and sex 1:1, anonymized OM and 

VO data from a sample of participants of similar age and sex were selected from an existing 

normative database of healthy uninjured athletes aged 11 to 15 years old, tested in the winter of 

2019 and provided by collaborators at Saccade Analytics. After applying the inclusion and 

exclusion criteria, a total of 187 children between the ages of 8 and 18 years old were selected to 

participate in the study. 

 

Outcome Measures:  

Oculomotor and Vestibulo-Ocular Function 

Oculomotor (smooth pursuit, saccades, anti-saccades and vergence) and vestibulo-ocular 

(vestibular ocular reflex or VOR) function were acquired with a commercial eye tracking system 

(Saccade Analytics, InSightTM)1 . The device includes head mounted virtual reality googles made 

by FOVE2. The goggles provide ocular and head tracking to gain information. Head angular and 

 
1 Saccade Analytics, InSightTM device, Montreal, Quebec, https://saccadeanalytics.com/product/ 

 
2 FOVE (FOVE Inc., San Mateo, California, https://www.getfove.com/   

 

 

https://saccadeanalytics.com/product/
https://www.getfove.com/
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linear acceleration were recorded with accelerometers at 100 Hz for all head channels (3D rotation 

and 3D linear acceleration).  Eye data channels are interpolated from 60 Hz to 100 Hz to 

synchronize with head. The original hardware sampling intervals are ~17ms in eye data collection 

mapped to 10 ms at 100Hz. FOVE reports a precision of +/- 1 degrees for eye and +/- 2 degrees 

for gaze (eye+head). Before each test, a screen displays a description of the test and instructions 

for both tester (on laptop screen) and subject (inside goggles). Before commencing, the 

administrator explains the test and answers any questions asked by the patient.  

The Insight system provided by Saccade Analytics uses software programs for two stages 

of data collection and interpretation. (1) Insight-R is the package that automates the data collection 

stage. During tests, an ‘eye link’ video display on the laptop screen allows the operator to monitor 

videos of the two eyes. Once the protocol sequence is executed, data is then passed to (2) 

NeuroFlex via the Cloud, a software that automates production of test-specific metrics from the 

data matrices. The Cloud site is compliant with privacy laws, with data from the participants 

identified by a randomly assigned eight-digit ID number. The cloud features an analytic platform 

that makes the results easier to understand, manage, and share.  NeuroFlex first applies a sequence 

of analysis blocks shared by all tests: i) data denoising; removes only the random component of 

any signal without distorting the desired ocular signals and saccade trajectories. This is not a 

classical filter based on bandwidth rejection which would distort (smooth/attenuate) nystagmus 

corners.  ii) Detection of blinks to mark ‘bad’ data; detected with a threshold which time interval 

is excluded from the analysis step and iii) classification of records into slow and fast phases for 

saccades. The classifier is proprietary to Saccade Analytics’ and is based on AI detection methods. 

In all cases, if the desired information is slow phased, then all fast intervals are excluded from the 

calculations and vice versa. All this is totally automated and not affected by the participant or 
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tester. All submitted tests for a given subject are analyzed and metrics are returned to the user 

within 1 min, after a testing period of ~ 5 min. Refer to Appendix 1 for a sample report.  

 A summary of tests performed and metrics, along with their definitions can be found in 

Table 3.2.1.  

 

Symptom Assessment: Post-Concussion Symptoms (PCSI) 

Global concussion symptoms (including vision and vestibular related symptoms such as 

sensitivity to light, double vision, dizziness, balance problems and moving in a clumsy matter) 

were obtained from the Post-Concussion Symptom Inventory (PCSI) filled out by a clinician at 

each visit. The PCSI is a symptom inventory, developed and validated for use in children and 

adolescents to assess the number and severity of concussion-related symptoms [14]. Participants 

were asked to rate a list of symptoms reflecting their recall of their pre-injury level of symptoms 

and of their symptoms at the time of testing [14]. In one study aimed at addressing the retrospective 

recall of pre-injury ratings, a sample of children aged 5-17 (n= 3,069) completed the pre- injury 

PCSI. Results indicated little dispersion and high stability in recall of pre-injury levels in the 3 

month’s post injury suggesting that children aged 5-17 recall their pre-injury levels of post-

concussion symptoms with high accuracy.  

There are 3 versions of the Post-Concussion Symptom Inventory (PCSI) adapted for use 

with children and adolescents. For younger children aged 5-12 years old, a version of the PCSI 

including 18 items is adapted to increase readability and concreteness [14] . Children aged 7 and 

younger only complete the first 5 items whereas children aged 8-12 complete the full 18 items. In 

the 5-12 years old version the patient is asked to answer all the items to the best of their ability and 

to circle a number from 0-2 (0=No, 1= A little, 2= A lot) that best describes the severity of their 
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symptoms both before the injury, and yesterday/ today (Appendix 2). For adolescents aged 13 to 

18 years, a version of the PCSI containing 21 symptom items is used. The patient is asked to 

answer all the questions to the best of their ability and rate their symptoms on a scale of 0-6 (0= 

not a problem, 3= moderate problem, 6= severe problem) both pre-injury and yesterday/today 

(Appendix 2). The assessment focuses on cognitive, emotional, physical and sleep-related 

symptoms. For this project only the 8-12 and 13-18 age bracket versions was used since our sample 

was limited to children 8 years of age and over. The PCSI shows strong internal consistency for 

total scores, moderate to high test-retest reliability particularly in children 12 and up, and low to 

moderate concordance between self and parent reports [14].  

 

Data Analysis: 

The exposure for this study was categorical with the following three groups; 

symptomatic, clinically recovered and healthy. All the outcomes were treated as continuous 

variables. To address objective 1, a series of one-way ANOVA tests was used for between group 

comparisons. For any metric that did not meet the equality of variance assessment, a Welch 

AVONA was used in place of the standard 1-way ANOVA. Post-hoc pairwise comparisons were 

used to compare the estimated marginal means between the three groups (Bonferroni/ Game’s 

Howell). The Bonferroni correction for multiple comparisons was also applied to control the 

joint error rate for the entire series of comparisons.  

One covariate that can impact this type of research is developmental age. Age plays a 

critical factor in performance on cognitive assessments, symptom reporting, concussion 

morbidity and oculomotor function. Although research has shown that younger children 

demonstrate longer saccade latencies, lower gain during smooth pursuit [16] and make more 
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directional and acquisition errors during anti-saccades than older children [17], age was not 

found to be a relevant covariate in this study. Early analysis with ANCOVA showed no 

association between developmental age and OM or VO performance on any of the eye tracking 

metrics. The age spread was not significantly large in this sample. Participants ranged in age 

from 8 and 18, with the mean age between 14 and 15 years of age for all 3 groups.  

 

 To address objective 2, symptom scores for the PCSI were related to OM and VO 

function with Pearson r correlations. For the scope of this project, the global PCSI score was 

used as a measure of concussion symptom severity. The outcomes are also presented as a 

continuous variable. Cohen’s standard was used to evaluate the correlation coefficient and 

determine the strength of the relationship between the severity of symptoms and performance on 

the oculomotor and vestibulo-ocular tasks. A value of d below 0.20 was considered small, 0.50 

medium, and 0.80 large [18]. The total concussion sample was split into two age groups (8-12 

and 13-18) and analyzed separately due to the difference in inventory scales used on the PCSI (0-

2; 0-6). All statistical analyses were carried out in SPSS version 26 and the level of significance 

was set to p<.05. 

 

3.3 Results 

187 participants were included in the study (72 with symptomatic mTBI; 36 with 

recovered mTBI; 79 healthy controls). Table 3.2.2 summarizes the demographic information for 

all three groups.  Significant group differences were found for age of participants [F (2,186) = 

4.963, p=0.0080]. Bonferroni post hoc assessments indicated that the mean age of healthy 

children was significantly lower than the mean age of mTBI Recovered children. There was also 
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a difference in sex between groups.  For healthy children, 63 % of the sample population were 

male participants compared to only 34 % for the mTBI symptomatic sample. There was a 

significant difference in the mean number of days between injury and assessment for the two 

mTBI groups [F (2,108) = 11.528, p<.05] with mTBI Recovered children showing much longer 

time frames. There was a significant difference in the number of previous concussions between 

groups at the p<.05 level [f (2,186) = 7.775, p=0.001]. Post hoc comparisons indicated 

significant mean differences in the number of previous concussions between healthy children and 

both mTBI Recovered and mTBI Symptomatic children. In both concussion samples, over half of 

the participants had experienced at least one previous mTBI. Although no significant mean 

difference was found for PCSI delta scores between the symptomatic and recovered concussion 

groups for children 12 and under, there was a significant mean difference for PCSI delta scores 

between the two groups for children 13- 18 years old [F (2,89) = 7.778, p<.05]. For the scope of 

this project, the researchers did not compare the two age groups due to the difference in PCSI 

scales. Symptomatic children reported more severe symptom scores than recovered children. The 

mechanism of injury was available for 80 out of the 110 participants and sports related incidents 

were the reported cause of mTBI in 56 % of participating children.  

Oculomotor and Vestibulo- Ocular Assessments 

Descriptive statistics on oculomotor and vestibulo-ocular tests are presented in Table 3.2.3, while 

detailed differences between groups are presented in table 3.2.4 for those measures which 

reached statistical significance in the main analysis. 
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Smooth Pursuit 

Mean Pursuit Error. Only one metric was analyzed for smooth pursuit. Recovered mTBI 

children tended to present with more errors in degree than both healthy and symptomatic mTBI 

children but this difference was not statistically significant [ W (2,170) = 2.97, p =0.06].  

Vergence 

Vergence during Smooth Pursuit. There was a significant group effect for vergence 

during smooth pursuit [ F (2,176) =10.90, p<.05].  Post hoc comparisons using the Bonferroni 

test indicated that the mean degree score for the healthy controls was significantly lower than 

both the recovered and symptomatic mTBI conditions. However, there were no statistically 

significant differences in vergence between the two mTBI groups. 

Saccades 

Mean Saccade Latency. There was a significant group effect for the mean latency during 

saccades [F (2, 171) = 5.99, p=.003]. Bonferroni post hoc comparisons showed significantly 

shorter latency periods in milliseconds for healthy children compared to children with 

symptomatic mTBI. Children with recovered mTBI did not significantly differ from the healthy or 

symptomatic children. The mean saccade values for the three groups are presented in Figure 

3.3.2    

Mean Saccade Error. Both mTBI symptomatic and mTBI recovered children tended to 

make more errors in degrees during saccades when compared to healthy controls, but the 

difference did not reach significance at the p<.05 level [W (2,170) = 1.13, p=0.33]. 
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Anti-Saccades  

Directional Accuracy. Both mTBI symptomatic and mTBI recovered children tended to 

have poorer directional accuracy (lower percentage) when compared to healthy controls but the 

difference did not reach significance at the p<.05 level [F (2,181) = 1.24, p=0.29].  

Mean Response Time. There was a significant group effect for mean response delay 

during anti-saccades at the p<.05 level [F (2,177=9.07, p.<05]. Bonferroni post-hoc comparisons 

indicated significantly longer mean response delay in milliseconds for mTBI symptomatic 

children when compared the healthy and mTBI recovered children. However, the mean score did 

not significantly differ for mTBI recovered children when compared to healthy children. The 

mean response time values for the three groups are presented in Figure 3.3.3.   

Mean Acquisition Error. mTBI symptomatic and mTBI recovered children tended to 

make more acquisition errors in degrees during the anti-saccade task than the healthy controls 

but these results did not reach significance at the p<.05 level [F (2,184) = 1.74, p=0.18].  

AVOR 

Horizontal AVOR Gain. There was a significant group effect for horizontal VOR gain 

in both the leftward [F (2,168) = 7, p=.001] and rightward directions [W (2,163) = 13.08, p 

<.05]. Bonferroni post-hoc tests showed that healthy children had significantly lower mean 

percentages than mTBI recovered, and mTBI symptomatic children in the left VOR task. Games- 

Howell post-hoc tests further indicated that healthy children also had significantly lower mean 

percentages than mTBI recovered and mTBI symptomatic children in the right AVOR task. 

However, there were no statistically significant difference in mean scores between the two mTBI 
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samples for either direction. The mean horizontal AVOR values for the three groups are 

presented in figure 3.3.4    

Vertical AVOR Gain. There was a significant effect of mTBI on vertical vergence in 

both the upward [F (2,147) = 7.60, p=.001] and downward directions [W (2,144) = 13.70, p 

<.05]. Bonferroni post-hoc comparisons indicated that healthy children had significantly lower 

mean gain percentages than mTBI symptomatic children. No significant differences were 

observed between healthy and mTBI recovered children. Games-Howell post-hoc tests also 

indicated that healthy children had significantly lower mean percentages than mTBI recovered 

and mTBI symptomatic children in the downward AVOR task. However, there was no significant 

mean difference in scores for the two mTBI subgroups in either vertical directions.   

Post-Concussion Symptoms and OM/VO Function 

Post-concussion symptoms reported on the PCSI were related to OM/VO performance, 

but most results did not reach significant levels. For the 12 years of age and under category, the 

Pearson correlation test revealed a significant strong positive correlation between mean saccade 

error and total PCSI scores for the mTBI recovered children (r= 0.89, p< .05). There were no 

other significant findings for mTBI recovered or symptomatic children in either age category. A 

summary table of Pearson r correlations and p values for all SA assessments and total PCSI 

scores can be found in table 3.2.5.  
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3.4 Discussion  

 To address hypothesis 1, the primary objective of this study was to document OM and 

VO function in children who sustained an mTBI and were symptomatic at the time of assessment 

and to compare them to that of children with prior mTBI (clinically recovered) and uninjured 

children. Results indicated significant group differences in OM function for vergence during 

smooth pursuit, mean latency during saccades and mean response delay during anti-saccades. For 

VO function, significant group differences were found for AVOR gain in both the horizontal and 

vertical planes. Although no significant findings were documented for the remaining OM metrics 

(mean pursuit error, mean saccade error and directional accuracy and anti-saccade acquisition 

error), children with symptomatic mTBI tended to show poorer performance when compared to 

clinically recovered and healthy children.  

To address hypothesis 2, a secondary objective of this study was to document the extent 

to which OM and VO function related to post-concussion severity in children with mTBI (both 

symptomatic and clinically discharged). The relationship between mean saccade error and 

symptom scores in children 8-12 years old was the only significant relationship, with greater 

errors correlating with more severe symptoms. Although there were no significant relationships 

for the remaining OM/VO metrics, children who reported an increased number of and/or more 

severe symptoms on the PCSI tended to perform worse on the OM/VO eye tracking task than 

children who reported lower symptom scores. 
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Oculomotor Function 

Smooth Pursuit. The smooth pursuit task demonstrates how well a participant can 

follow a slowly moving visual target. Successful pursuit is constrained by the individual’s ability 

to obtain and process information about the target’s trajectory and velocity. Previous research 

indicates that mTBI can affect the accuracy of the pursuit response. Indeed, DiCesare [19], 

compared smooth pursuit performance in high school students who had experienced an mTBI 

(n=17) to controls matched for age and sex (n=17). Results indicated that mTBI adolescents 

show a longer phase lag and make significantly more directional errors than controls. These 

results are further supported by a more recent study by Murray [20] who  found significant 

differences in smooth pursuit velocity between mTBI and healthy participants. Interestingly, 

Murray [20] also found that smooth pursuit amplitudes were virtually identical in both groups.  

Contrasting previous research, children in our sample with symptomatic mTBI did 

not significantly differ from clinically recovered or healthy children; the mean error was similar 

for all groups. This may have occurred because our assessment of smooth pursuit was based 

purely on the degree of error and did not include a measure of speed.  

Vergence. The average absolute of vergence (angle between the two eyes) during smooth 

pursuit can be increased following mTBI due to the imposed imbalance in the gaze orientation 

system. In this sample, mTBI participants demonstrated greater convergence when executing 

smooth pursuits than both healthy controls (athletes) and mTBI recovered children. This suggests 

that they presumed the target appeared at a closer distance than it was presented at (all targets 

were presented at 1 meter from the participant). The InSight metric used to define vergence is 

influenced by the vergence during the pursuit itself, but also by the intruding saccades that occur 

during the pursuit. Every time there is a saccade, there is a fast divergence while the eyes move 
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to the new target followed by a longer phase of convergence during the acquisition of the new 

target. The more intruding saccades presented during the task, the greater the vergence angles. 

This explains why the mTBI children showed greater convergence than the controls.  

Another factor that could influence these findings is changes in depth perception post 

mTBI. This explanation is supported by Mihalik [21]  who explored gaze depth perception in a 

sample of high school and college athletes (n=224). Results clearly indicated that student-

athletes with a history of concussion responded more slowly and with less accurate predictions 

during a primary gaze depth perception task than student-athletes with no history of concussion. 

This suggests that mTBI may impact the motor / ocular cortices and associated pathways that are 

required to determine the exact distance of an object or target. Although not all of our 

participants were athletes; 80/110 concussion participants sustained their injury during sports 

play and the entire healthy population was made up of competitive soccer players. Thus, it is 

possible that athletic ability may have contributed to/ impacted our findings. 

Saccades. The goal of this assessment is to evaluate the saccadic system when the head 

remains in a fixed position. Oculomotor research in children is quite challenging due to a limited 

number of studies on saccades in children, and the fact that saccadic parameters tend to show 

variation with age throughout maturation. Previous research in adult populations show that 

patients who experienced an mTBI demonstrate increased saccadic latencies and longer intervals 

between saccades when compared to healthy controls [22, 23]. In our sample, results indicated a 

significant delay in saccadic responses for symptomatic vs. healthy children; extending research 

on adult populations to a paediatric sample for the first time.    

Present results, however, did not point to any significant differences in the average degree 

error for saccades in mTBI children when compared to healthy children, which contrasts findings 
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in adult populations in which patients with mTBI show greater directional and end point errors 

when compared to healthy controls [22, 24] . Previous research (n=1893) found that the most 

significant differences between two groups (mTBI vs. healthy controls) were related to reaction 

time during a saccade task. Consistent with our findings, reaction times for participants with a 

history of mTBI were much more variable, showing larger standard deviations than healthy age 

and sex matched controls [25].  

Anti-Saccades. The anti-saccade task adds a cognitive stage and visual map rotations 

before executing the saccade, and can be used to evaluate the function of the visual cortex. 

Although both mTBI symptomatic and recovered children had poorer directional accuracy and 

acquisition error when compared to healthy children, these parameters did not reach significance 

levels. 

There was a significant effect of mTBI on the response time during anti-saccades with the 

greatest response times seen in symptomatic children, followed by recovered children, and then 

healthy children. Heitger [26] indicated that anti-saccade latency tends to return to normal at 1- 

week post-mTBI, whereas anti- saccade errors tend to remain relatively stable up to a few 

months post-injury. For this project, the average number of days between injury and assessment 

was 25 days, providing a contrast to those found in previous studies of adult participants [24, 

27]. One possible explanation for this difference could be the age of participants. Latency during 

saccade and anti-saccades tends to decrease significantly with age as neural circuits responsible 

for making saccades quick and accurate develop. For example, in a sample of healthy children 

(n=40) saccade and anti-saccade latency decreased between 25- 60 ms across the 8-19 age range 

of the participants [28].   
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Interestingly, mean response time during anti-saccade was the only oculomotor parameter 

in which significant mean differences were found between symptomatic (x = 518.91, ± 101.98) 

and recovered (x = 465.66 ± 94.45) mTBI children. But again, this could be related to the extent 

of time between injury and assessment. Specifically, the average number of days between injury 

and assessment was far greater for recovered (approximately 60 days) than for symptomatic 

children (approximately 20 days). This is the first time that research has shown a significant 

effect of mTBI on anti-saccades, contributing to a growing body of literature that has focused 

exclusively on adults up until now.  

 

Vestibulo-Ocular Function  

AVOR Gain.  Previous studies show wide variations in the prevalence of VO 

dysfunction, ranging from 30 -80 % in mTBI adolescents [1, 29]. When the VOR is disrupted 

there is a mismatch in gain between head and eye movements that are necessary for stabilizing 

an image on the fovea. Consistent with previous research in adult populations, children in this 

study who had experienced mTBI (both symptomatic and recovered) showed differences in VO 

function when compared to healthy children. Specifically, children with mTBI showed lower 

gain values during the VOR task, suggesting that their eye movements did not adequately adjust 

to match their head movements. 
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mTBI Symptoms and OM/VO Function 

There was a significant relationship between saccade error and post-concussion 

symptoms in children between the ages of 8 and 12. Correlations between symptom scores and 

OM function were contrasting for recovered and symptomatic children in both smooth pursuits 

and saccades with recovered children showed very small positive correlations whereas 

symptomatic children tended to show small negative correlations.   

For anti-saccades, children with symptomatic and recovered mTBI showed positive 

correlations for directional accuracy, and negative correlations for mean response time and 

acquisition error, suggesting that anti-saccades may serve as an effective biomarker of 

concussion in children. In line with previous studies, this suggests that children who reported 

greater symptoms tended to make more errors and have longer latencies between the presentation 

of the flashed target and the onset of eye movement in the opposite direction of the stimulus [22].  

Like previous work by Ellis [29] who assessed VO dysfunction and post concussion symptoms 

in a sample of pediatric athletes (n=101) our results suggest that children with VO dysfunction 

tend to report greater post- concussion symptom scores.  

 

Strengths and Limitations 

One noticeable strength of this study was the size of the sample population and the fact 

that it included a control group as well as an ‘mTBI recovered’ sample for comparisons. 

Although these results are promising, this study is not without its limitations. Unequal sample 

groups and the fact that all concussion subjects were recruited from a single clinic, increased the 

risk of false positive/negative findings, and opened the results to concerns of generalizability. 
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Additionally, for symptom comparisons, participants had to be evaluated separately based on the 

different Likert scales and types of questions in the different age appropriate versions of the 

PCSI. The equality of variances assumption for ANOVA was not met for many parameters, 

which limited the use of more powerful statistical analyses. This study also raises issues of 

content validity because the authors were trying to explore the relationship between visual 

symptoms and OM/VO function but used the delta score for the entire PCSI. This may explain 

why some of the correlations were highly variable and inconsistent with previous literature. 

 

3.5 Conclusion  

Oculomotor and vestibulo-ocular function were assessed in children ranging in age from 8-18 

years old who were symptomatic at the time of testing or recovered (clinically discharged) and 

compared to that of healthy children. Both symptomatic and recovered children presented with 

clinical oculomotor and vestibulo-ocular dysfunction in the three months post injury. Children 

with mTBI showed greater vergence scores, slower saccade and anti-saccades and less VOR 

activity. Although OM and VO performance were not directly related to post-concussion 

symptoms; children who reported more symptoms, also tended to show poorer performance in 

the eye tracking task. Therefore, this study supports the inclusion of a combination of both OM/ 

VO assessments and post-concussion symptom evaluations for the diagnosis and management of 

mTBI in the pediatric population.  

 To the knowledge of its authors, this is the first study to address multiple ocular motor 

and vestibulo-ocular parameters simultaneously as well as compare OM and VO eye tracking 

results to post-concussion symptom scores. Future studies should aim to replicate results in a 
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larger and more cohesive sample size. This is very much the key component in future attempts to 

increase the statistical power of similar findings. One possible avenue for future investigators 

could be to include assessments of optokinetic nystagmus (OKN), considering that in a sample of 

high school students Kelly [30] found that out of all eye tracking metrics, OKN assessments 

showed the greatest difference between healthy and concussed children, and that decreases in 

OKN were associated more with prolonged expression of concussion symptoms than measures 

of smooth pursuit or saccades.  Further studies should also investigate why recovered and 

symptomatic children did not differ significantly in OM and VO performance, because it raises a 

possible concern that current clinic assessments are not sensitive enough to pick up subtle 

deficits. In such, children may be prematurely discharged which puts them at a higher risk of 

sustaining a second impact or experiencing long term OM/VO dysfunction which could have 

detrimental effects on their future.  
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Tables 

 

Table 3.2.1. Summary of Insight eye tracking measures  
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Table 3.2.2. Participant characteristics  
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Table 3.2.3. Oculomotor and vestibulo-ocular descriptive statistics for all children 
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Table 3.2.4. Between group differences for statistically significant metrics  
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Table 3.2.5. Pearson correlation coefficients between oculomotor and vestibulo-ocular function 

and PCSI scores 
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Figures 

 

Figure 3.3.1. Mean vergence in degrees during smooth pursuit 

                                                                                           

 

Mean pursuit vergence (degrees) for healthy, mTBI symptomatic and mTBI recovered children.  

* A significant difference in mean pursuit vergence [ F (2,176) =10.90, p<.05]. Error bars 

presented represent the standard error for within group comparisons. Please refer to table 3.2.1 

for further clarification regarding vergence results.   
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Figure 3.3.2. Mean latency in milliseconds during the saccade task 

Mean saccade latencies between stimulus presentation and eye movement for healthy, mTBI 

symptomatic and mTBI recovered children.  

*A significant difference (p<.05) in mean saccade latency [F (2,177=9.07, p.<05. Error bars 

presented represent the standard error for within group comparisons. 
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Figure 3.3.3. Mean response delay in milliseconds during the anti-saccade task  

 

Mean response time (milliseconds) for healthy, mTBI symptomatic and mTBI recovered 

children.  

*A significant difference (p<.05) in mean response time during anti-saccades [F (2, 171) = 5.99, 

p=.003]. Error bars presented represent the standard error for within group comparisons, 
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Figure 3.3.4. Mean AVOR gain percentage during horizontal VOR task 

 

 

 

Mean horizontal AVOR gain (percentage) for healthy, mTBI symptomatic and mTBI recovered 

children. 

* A significant difference (p<.05) in mean horizontal VOR gain at 25 degs/sec in the leftward 

direction [F (2,168) = 7, p=.001]; + a significant difference (p<.05) in the rightward direction [W 

(2,163) = 13.08, p <.05]. Error bars presented represent standard error for within group 

comparisons. 
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CHAPTER 4 

SUMMARY AND CONCLUSION 

It is widely accepted that visual symptoms are common after concussion in children and 

adolescents  [62, 66, 133]. What is less researched, are the underlying physiological properties of 

these complaints. Thus, the focus of this study was on oculomotor and vestibulo- ocular 

processes that are subject to the negative effects of mild traumatic brain injuries. The primary 

objective of this study was to document OM and VO function in children who sustained an 

mTBI and were symptomatic at the time of assessment and compare these results to clinically 

recovered and healthy children. A secondary objective was to explore the relationship between 

OM and VO function and the severity of total post-mTBI symptoms. 

Our results lead us to conclude that children with symptomatic mTBI do indeed present with 

clinical oculomotor and vestibulo-ocular function impairments and tend to report more severe 

post- concussion symptoms when compared to healthy and recovered (clinically discharged) 

children. More specifically, children with symptomatic mTBI show significant mean group 

differences for vergence during smooth pursuit, mean latency during saccades and mean 

response time during anti-saccades when compared to healthy controls. Interestingly, saccade- 

mean response time also showed significant differences between clinically recovered and 

symptomatic children.  

Although these results are promising, out of all the metrics explored it was only vergence and 

response time that demonstrated significant findings. This could be due to several factors 

including but not limited to; unequal sample groups, lack of specificity in the eye tracking 

assessments or simply that vergence and reaction time are the only aspects of eye movements 
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that are impacted by concussion. From our findings it appears that children with symptomatic 

mTBI can perform eye movements with comparable accuracy to healthy and recovered children, 

it just takes them longer to accomplish the task. 

One question that remains unanswered is why recovered and symptomatic children did not 

significantly differ in OM and VO performance. An obvious possible explanation could be that 

currently relied on clinic assessments are not sensitive to subtle OM/VO dysfunction. Another 

possible explanation has been presented by Maruta, Spielman [134] who found that visual 

tracking performance is most reliable when the assessment is completed within two weeks of the 

date of injury. Following the elapsed time, visual and vestibular function have been shown to 

improve rapidly. This time interval was not the case for our recovered sample, as our average 

number of days between injury and testing was 43 days for this group. On the contrary, it is also 

possible that a lack of significant difference between recovered and symptomatic children may 

simply occur because the intervention methods relied on in the clinical setting do not adequately 

address visual and vestibular changes after concussion.  

Although there was only one significant finding; mean saccade error in children aged 8-12 years 

old, our results lead us to conclude that children who report a greater number of and/or severity 

of symptoms on the PCSI tend to preform worse on OM/VO tasks. Our results are comparable to 

previous studies such as Zahid et al., (2018), who explored the relationship between 12 different 

eye tracking metrics and mTBI symptoms in a sample of children who had sustained an mTBI 

(n=56). Although these results suggest that eye tracking metrics relate well with post-concussion 

symptoms in the pediatric sample, our findings suggest the PCSI may not adequately address 

symptoms that are necessary to appropriately compare symptom scores to OM and VO function. 
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To the knowledge of its authors, this is one of the first studies to address multiple ocular motor 

and vestibulo-ocular parameters simultaneously as well as compare OM and VO eye tracking 

results to post-concussion symptom scores. In this study, VR eye tracking has proven to be an 

effective tool for recording oculomotor and vestibulo-ocular function post-concussion. Future 

research similar in nature would benefit from the use of a larger sample of clinical participants 

who were matched 1-1 for age and sex. Future studies should also include participants from 

different clinics in order to prevent sample bias.  

Children and youth are highly susceptible to concussion but have unique needs when it comes to 

clinical care. Thus, results from research can not be reliably compared to adult samples of both 

injured and healthy participants. The findings of this study, and specifically in the control group, 

can be used by clinicians to formulate a database of ‘normal ranges’ for clinical comparison. The 

results from this project contribute to the growing body of literature on visual function after 

concussion and has demonstrated the value of incorporating quantitative measures of OM and 

VO function into pediatric post-concussion care. 
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Appendices 

Appendix 1 

Sample Report from Saccade Analytics  
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Appendix 2: Post Concussion Symptom Inventory (5-12)  
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Appendix 3: Post Concussion Symptom Inventory (12-18) 
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Appendix 4: Summary Table of Variables  

 

Variable Definition Type Scale  

Group  Concussion Group: Children and adolescents having presented to the 

MCH Concussion Clinic between April 1, 2018 and March 31, 2019, 

having sustained a concussion in the previous 3 months. Participants will 

be further separated into two groups: 

1. Symptomatic: children and adolescents with active post-concussion 

symptoms at the time of assessment 

  
2. Recovered: participants whose symptoms have subsided and are 

cleared to return to all activities.  

  
Healthy Group: age- and sex-matched uninjured participants with no 

known history of concussion or other visual disorders (strabismus, 

diplopia, vertigo etc.) or learning disabilities will be selected from an 

existing normative database of healthy children.  

Exposure Categorical  

Oculomotor  

 

 

1. smooth 

pursuit 

 

 

 

2. Saccades 

 

 

 

 

 

 

3. Anti-

Saccade 

 

 

 

 

 

 

4. Vergence   

Oculomotor: Visual function that controls eye movements, such as the 

ability to locate and fixate on objects in one’s visual field (gaze shifting).  

 

1. Smooth Pursuit:  voluntary slow tracking movements of the eyes 

designed to keep a moving stimulus on the fovea 

Metrics:  

• Mean pursuit error (degrees): The difference between the 

position of gaze and target position. The angle subtended by 

the fovea. 

  

2. Saccades: a rapid, ballistic movement of both eyes that abruptly 

changes the point of fixation  

Metrics: 

• Saccade latency (milliseconds): time elapsed between the 

presentation of the visual stimulus and the onset of eye 

movement. 

• Mean saccade error (degrees): The difference between the 

position of the fovea and the position of the fixation target 

3. Anti- Saccades: voluntary eye movement made in the direction 

opposite to the side at which a stimulus is present. 

Metrics: 

• Directional accuracy (percentage):  the average accuracy of 

anti-saccade direction based on the target position in both the 

leftward and rightward direction.  

• Mean reaction time (milliseconds): the time elapsed between 

the presentation of the visual stimulus and the onset of eye 

movement   

• Acquisition error (degrees): the difference between the anti-

target estimation and the anti-targets actual end position 

4. Vergence: the movement of the eyes when tracking objects at varying 

degrees of depth in the binocular visual field  

Metrics: 

• Mean vergence (degrees) during pursuit: mean vergence 

during smooth pursuit task. Vergence modulation is not 

required for this task so its presence suggests an asymmetry  

Outcome Continuous  
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Vestibular 

Ocular 

  

1. Vestibular 

Ocular 

Reflex 

(VOR) 

 

 
 

Vestibulo- Ocular: Visual function that refers to one’s ability to make 

compensatory movements of the eyes in the opposite direction of the head 

in order to stabilize vision (gaze stabilization) 

 

1. Vestibular Ocular Reflex: Involuntary reflexive movement of the 

eyes in response to displacement of the head in order to prevent 

visual images from slipping on the surface of the retina  

Metrics: 

• Average VOR gain (percentage): the average conjugate VOR 

gain (eye velocity/ head velocity) in left, right, up and down 

directions 

• Retinal Slip (degrees): gaze velocity - target velocity 

 

  

Outcome Continuous  

Symptom 

Report  

 

1. PCSI 

post- 

injury 

score  

Both global and visual- based symptoms will be recorded with the Post-

Concussion Symptom Inventory (PCSI). The PCSI is a symptom 

inventory, developed and validated for use in children and adolescents to 

assess the number and severity of concussion-related symptoms. 

Metrics: 

1. PCSI post- injury score: the total symptom score at the time of OM 

and VO assessment  

Outcome  Continuous 

Age The age of the participant at the time of testing. Covariant  Continuous 
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