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the use of eye tracking as a diagnostic tool for this disorder provide the credibility and 
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Abstract 

 

Eye Tracking: Diagnostic Measure of Mild Traumatic Brain Injury 

 

Cara Lynn Gentilini, M.A. 

The University of Texas at Austin, 2016 

 

Supervisor:  Thomas P. Marquardt 

 

 Adults with mild traumatic brain injury (MTBI) experience a variety of memory,  

pragmatic, social, and cognitive changes that have significant long-term effects. Though 

the majority of traumatic brain injuries (TBI) are mild, there is a lack of objective and 

reliable diagnostic markers for the assessment of MTBI. This report provides a critical 

review of eye tracking as a possible diagnostic procedure for the evaluation of MTBI. 

Specifically, the purpose of this paper is to describe the characteristics, classification and 

assessment of TBI, review methods used to evaluate MTBI, and discuss the emergence of 

eye tracking as an effective diagnostic tool for the disorder. 
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Introduction 

 Traumatic brain injuries are among the most frequent neurological disorders. 

They are the leading cause of disability and death in people under the age of 45 in the 

United States and affect approximately 5 million Americans who live with TBI-related 

disabilities (Diwakar et al, 2015.) TBI results in a constellation of medical problems, 

including sensory, motor, perceptual, linguistic, behavioral, attentional, and 

psychological deficits. TBI has been, and remains, a major public health concern in the 

United States due to the injuries presented in soldiers returning from war and the 

heightened awareness of sports-related concussions in professional and recreational 

sports leagues (Ciuffreda et al, 2014).  

 A TBI is caused by a bump, or blow to the head, or is a penetrating head injury 

that disrupts the normal function of the brain (Faul et al.,  2010). TBI severity ranges 

from mild to severe and signs and symptoms range from loss of consciousness (LOC) 

lasting a few seconds, to seizures, coma, or even death. The overall incidence rate 

of TBI in the US is approximately 1.7 million cases per year (Faul et al., 2015). Figure 1 

shows the causes of TBI using summarized data from the CDC (Faul et al., 2015).  The 

leading causes are falls, strikes to the head, and motor vehicle accidents.  
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Figure 1. External Cause of Traumatic Brain Injury by Age Group  

 
 

Reproduced from Faul, M., & Coronado, V. (2015). Chapter 1: Epidemiology of 

traumatic brain injury. Handbook of Clinical Neurology: Traumatic Brain Injury Part I, 

127, 3-13. 

 

 

 Figure 1 also highlights the incidence of TBI across age groups.  Incidence is 

highly variable and reflects lifestyles and activities as people age. During the early and 

later stages of life, a person's vulnerability to falls is greatest. TBI related falls from ages 

0–4 is 806.3 per 100,000 persons and 440.2 per 100,000 persons for ages 75 and older. A 

TBI that occurs when a person is struck by or against an opposing force occurs most 

frequently in the youngest age group of 0–4 years old. Motor vehicle accidents are the 

most common cause of TBI in the age groups 15–19 years old and 20–24 years old. 
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Assaults are the least frequent of the cause categories, where rates peak in the 20–24-

year-old age group (Faul et al., 2015). 

 Traumatic brain injury is a complex disorder with the potential for significant 

long-term disability. The incidence of TBI is at epidemic proportions and rapidly 

growing. Not only is the incidence increasing, but so is the recognition of TBI as a major 

health care concern. The need for assessment tools that accurately diagnose TBI is 

critical. Assessment measures currently available are falling short in identifying TBI, 

especially in cases of mild traumatic brain injuries. In addition, flexible assessment 

batteries and hybrid approaches are time consuming and lack functionality in therapeutic 

and medical settings. The emergence of eye tracking as an assessment measure for TBI 

has been utilized in current research as a rapid, cost effective, and convenient measure to 

identify TBI. This report will highlight the feasibility of using eye tracking to identify 

signs and symptoms of TBI, and more specifically in cases of MTBI.  

 

 

 

 

 

 

 

 



 4 

Traumatic Brain Injury 

 Traumatic brain injury (TBI) is a nondegenerative and noncongenital insult to the 

brain from an external force, possibly leading to permanent or temporary impairment of 

cognitive, physical, and psychosocial functions.  An important effort has focused on 

standardizing definitions and data collection on TBI through the use of common data 

elements (CDEs) (Hawryluk et al., 2015). The demographics and clinical assessment 

working group of the International and Interagency Initiative toward CDEs for Research 

on TBI and Psychological Health convened a panel of experts to define TBI. Their report 

defined a TBI as: “an alteration in brain function, or other evidence of brain pathology, 

caused by an external force” where the alteration in brain function consists of any period 

of loss of, or a decreased level of consciousness, any anterograde or retrograde amnesia 

neurologic deficits or any alteration in mental state at the time of the injury." (Menton et 

al., 2010, pp. 1637-1640). Despite the agreed upon description, defining TBI remains 

problematic due to lack of consistency in inclusion criteria.  
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Traumatic Brain Injury Classification 

 The classification of TBI is essential for diagnosis and effective treatment. 

Progress in classifying traumatic brain injury for targeted treatment has lagged behind 

other diseases such as cancer, and has contributed to a lack of progress (Hawryluk et al., 

2015). Challenges arise when classifying TBI due to the complexity of the injuries. The 

brain consists of more than 100 billion neurons and has been described as the most 

complex structure in the known universe (Hawryluk et al., 2015). The combinations in 

which neurons can function exeeds the ability to understand this level of complexity.  For 

example, hematomas of identical size and shape can have significantly different 

consequences with only small changes in location. Equally problematic is that most TBI 

patients typically have numerous lesions that may vary in both location and severity 

(Hawryluk et al., 2015). The following will review methods for classifying TBI and the 

strengths and limitations to these approaches (Hawryluk et al., 2015). 

Classification by Pathology 

 The most basic means of classifying TBI is by physical mechanism of injury 

(Hawryluk et al., 2015). Lesion effects can be distinguished based on whether they are 

due to a focal pathology, which occurs in a specific location or a diffuse pathology, 

which occurs in a more widespread area. Injuries associated with focal pathology have 

more varied symptoms based on the anatomy of the injury, whereas diffuse injuries 

produce more consistent effects. Although injuries may be considered either focal or 

diffuse, most injuries have both focal and diffuse components (McKee et al., 2015). Mass 
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lesions, such as contusion, subdural hematoma, epidural hematoma, and 

intraparenchymal hemorrhage are considered focal injuries, whereas diffuse injury 

encompasses axonal injury, hypoxic-ischemic injury, and micro-vascular injury (McKee 

et al., 2015). The mortality rate for severe focal injuries is approximately 40% ; for severe 

diffuse injuries, the rate is approximately 25% (McKee et al., 2015). Determining 

whether the brain injury is diffuse or focal can establish the relative degree to which 

diffuse and focal trauma develops and can provide an understanding of the underlying 

medical condition. However, this classification system cannot determine individual 

symptomology and therefore cannot be utilized for treatment and rehabilitation planning.  

Classification by Primary or Secondary Damage 

 TBI can also be characterized on the basis of whether damage results directly 

from the impact compared to secondary consequences. Primary injuries following TBI 

are the direct result of the forces producing deformation of the brain tissue and disruption 

of normal brain function. The types of mechanical forces involved in brain 

trauma include acceleration and deceleration forces, rotational forces, forces generated by 

blast injury, blunt impact, and penetration by a projectile. These forces directly damage 

the neurons and blood vessels in a focal, multifocal, or diffuse pattern and initiate a 

dynamic series of complex cellular and inflammatory alterations (McKee et al., 2015). 

The magnitude of the primary injury resulting from a traumatic impact can be modified 

prior to the event; however, once the trauma occurs, the immediate neurologic damage is 

not usually alterable. Secondary brain injury occurs as a complication of the primary 
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brain injury and includes ischemic and hypoxic damage, cerebral edema, raised 

intracranial pressure, hydrocephalus, and infection. The neurologic damage produced by 

secondary events following the primary injury has the potential to be reversible (McKee 

et al., 2015). Like classifying brain injury by pathology, classifying brain damage by 

primary or secondary injury can only estimate individual symptoms and supplemental 

classification methods are necessary to aid in treatment planning.  

Classification by Severity 

 Brain injury can be classified by symptom severity. The Glasgow Coma Scale 

(GCS) score (Hawryluk et al., 2015) is one of the most entrenched scoring systems in 

medicine employed for this purpose. The GCS is used to grade TBI as mild, moderate, or 

severe (McKee et al., 2015). The major advantage of the GCS is its simplicity and 

usefulness as a standardized measurement to compare outcomes across a series of 

patients (McKee et al., 2015). Patients are classified as  mild, moderate and severe TBI if 

they have GCS scores 13–15, 9–12 or < 9 respectively (See Table 1). The GSC score is 

the total of three combined scores: Glasgow Motor, Glasgow Verbal, and Glasgow Eye 

movement (See Table 1). Each component of the score identifies the patient's functional 

status. Early severity classification of TBI based on the use of the GCS reveals that 80% 

of all head injuries are classified as mild, 10% as moderate TBI, and the remaining 10% 

as severe (Faul et al., 2015). The GCS has demonstrated good inter-rater reliability but is 

susceptible to the confounding effects of sedation, paralysis, and pre-existing injuries 

(Hawryluk et al., 2015). In addition, prognostic value is limited by failure to consider 
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factors such as extracranial injuries and demographic information of prognostic 

importance, such as age (Hawryluk et al., 2015).  

Table 1: Standard Glasgow Coma Scale 

Standard Glasgow Coma Scale Score 

Eye Opening Best Verbal Response Best Motor Response 

4 Spontaneous 5 Oriented 6 Obeys commands 

3 To speech 4 Confused 5 Localizes 

2 To pain 3 Inappropriate words 4Withdraws 

1 None 2 Incomprehensible sounds 3 Abnormal Flexion 

 1 None 2 Extension 

  1 None 

Adapted from Hawryluk, G. W., & Manley, G. T. (2015). Chapter 2-Classification of 

traumatic brain injury: past, present, and future. Handbook of Clinical Neurology: 

Traumatic Brain Injury, Part 1, 127, 15-21. 

Classification by Loss of Consciousness and Post Trauma Amnesia 

 
 Other severity measures of TBI have been studied but were deemed unreliable. 

Examples of additional TBI severity measures include loss of consciousness (LOC) and 

post-trauma amnesia (PTA) (Faul et al., 2015). MTBI is defined as LOC of less than 1 

hour, moderate TBI is defined by LOC between 1 and 24 hours, and severe TBI by LOC 

for more than 24 hours (McKee et al., 2015). The LOC is shown to be an unreliable 

predictor of TBI diagnosis, with studies showing the presence of LOC and a TBI 

diagnosis occurring at different frequencies (McKee et al). Another severity measure is 
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PTA measured using units of time of the amnesia following  injury. Such information is 

recorded from the patient immediately following the trauma event. MTBI is defined as a 

PTA for less than 24 hours, moderate TBI is defined as a PTA for 1-7 days, and severe 

TBI is a PTA for more than 1 week (McKee et al., 2015). Immediate PTA is an unreliable 

predictor of a diagnosis of TBI because not every patient has PTA. The validity of self-

reported data and the ability of a TBI patient to recognize their cognitive, behavioral, and 

emotional symptoms have been called into question; up to 25% of patients change their 

self-evaluation of symptoms over a 3 month time period (Faul et al., 2015). 

Consequently, PTA, which involves cognition, has limited usefulness for the diagnosis of 

TBI. 

Classification through IMPACT 

 One important recent advance in the TBI field has occurred in TBI prognostic 

classification. The International Mission for Prognosis And Clinical Trial (IMPACT) 

study pooled patients from TBI studies from most clinical trials and organized 

epidemiologic studies conducted over the past 20 years. (Marmarou et al., 2007; Murray 

et al., 2007). This effort, funded by the U.S. National Institutes of Health, has led to the 

accumulation of data from 9205 patients with severe and moderate brain injuries from 

eight randomized placebo controlled trials and three observational studies. Based on these 

combined results, the most powerful independent prognostic variables were age, Glasgow 

Coma Scale (GCS) motor score, pupil response, and computerized tomography (CT) 

characteristics, including the Marshall CT classification and traumatic subarachnoid 
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hemorrhage (Murray et al., 2007). Other important prognostic factors included 

hypotension, hypoxia, the eye and verbal components of the GCS, glucose, platelets, and 

hemoglobin (Marmarou et al., 2007).  These models have been highly validated and 

facilitate the prognostic classification of TBI patients with a level of precision that was 

not previously possible  (Hawryluk et al., 2015). Though care should be exercised in 

extrapolating IMPACT predictions to an individual patient, this information can be 

helpful for the design of inclusion and exclusion criteria for clinical trials (Hawryluk et 

al., 2015). These results on prognostic factors will underpin future work on the IMPACT 

project, which is focused on the development of novel approaches to the design and 

analysis of clinical trials in TBI. In addition, the results provide pointers to future 

research, including further analysis of the prognostic value of  prothrombin time, and the 

evaluation of the clinical impact of intervening aggressively to correct abnormalities in 

hemoglobin, glucose, and coagulation (Murray et al., 2007)The sophistication and 

success of classification systems in medicine are a good reflection of the state of research 

and understanding in the fields in which they are employed. The GCS and IMPACT 

prognostic models have been important for TBI research; however, TBI continues to lag 

behind other areas of medicine that have succeeded in developing targeted treatments due 

to TBI complexity in both definition and classification. More precise classification 

systems for TBI will be advanced by recent collaborative efforts seeking to better 

understand the molecular and clinical aspects of TBI. (Hawryluk et al., 2015).Mild 

Traumatic Brain Injury 
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Mild Traumatic Brain Injury 

 Mild traumatic brain injury is among the most common neurologic conditions, 

with approximately 90% of traumatic brain injuries considered mild (Vos et al, 2012). 

Individuals with MTBI demonstrate significant and long lasting symptoms, including 

somatic, emotional, and cognitive symptoms that can persist years after injury and lead to 

long-term disability. As a result of the serious impact of MTBI, there is a heightened 

focus on tests and procedures to define, diagnose, and monitor recovery after MTBI (Cifu 

et al, 2015).  

Incidence 

 MTBI includes concussion, sub-concussion and blast injuries associated with 

improvised explosive devices (IEDs). MTBI can occur in a wide variety of activities 

including sports, military service, and in association with other exposures such as 

epilepsy, head banging, and physical abuse (McKee et al., 2015). Typically, there is full 

neurologic recovery after MTBI; however, 15–30% of individuals with MTBI develop 

prolonged neuro-cognitive and behavioral changes (McKee et al., 2015). In the US 1.6 to 

3.8 million concussions occur annually. However, the frequency of concussion is likely 

greater because concussions are routinely under-recognized, under-reported and can often 

resolve spontaneously without medical care (McKee et al., 2015). 

 The incidence of mild TBI in the US is not well documented due to the lack of 

objective diagnostic testing and to the large number of cases that do not present to 

healthcare (Katz et al., 2015). At least 25% of people with MTBI do not seek medical 



 12 

attention, and a significant percentage of athletes fail to report concussions to their 

trainers or coaches (Katz et al., 2015).  

 In the military service population, the incidence of MTBI is even more difficult to 

determine due to the lack of a consistent definition and because of the concern service 

members have about a brain injury diagnosis (Katz et al., 2015). Of the more than 1.5 

million service members deployed since 2001, the incidence of mild TBI has been 

estimated as 8% to 18% (Hoge et al., 2008; Tanielian & Jaycox, 2008). Motor vehicle 

accidents account for 17.3%, falls account for 35.2%, assaults for 10%, and being struck 

by an object for 16.5%. The incidence of MTBI is approximately twice as high in males 

as females (Faul et al., 2015). 

Symptomatology 

 Common symptoms of MTBI include cognitive, somatic, and emotional deficits. 

Cognitive deficits include difficulty with concentration, decreased attention, poor 

memory, and poor processing speed. Somatic symptoms include headache, dizziness, 

fatigue and insomnia. Emotional or psychological symptoms include irritability, anxiety, 

depression, or emotional lability (Katz et al., 2015). Patients with mild TBI may have 

symptoms primarily demonstrated in a single symptom area which may aid in predicting 

outcome or level of disability (Cicerone & Kalmar, 1995). 

Defining MTBI 

 MTBI is the most frequent type of TBI, but definition and accurate diagnosis 

remain problematic. Traditional definitions rely on early clinical features to define mild 
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TBI. However, the diagnosis of mild TBI remains elusive due to the usual absence of 

objective findings on standard clinical imaging screens or other measures (Muller et al., 

2007; Topolovec-Vranic et al., 2011). The following will review the challenges with 

defining and assessing MTBI, current assessment procedures, and new approaches to 

MTBI diagnosis.  

 The diagnostic criteria defining alteration of consciousness in individuals with 

MTBI are the most problematic.  They usually are described as the subjective 

experience of feeling dazed or disoriented or being unable to account for seconds or 

minutes of events following an injury (Katz et al., 2015). The accuracy and specificity of 

such criteria for confirming a mild TBI are lacking. The subjectivity of this criteria, often 

based on subject recall, adds to the imprecision and unreliability of this diagnosis. 

Adding to the complexity is the possibility of focal brain lesions or other bodily injuries 

that help determine symptom profiles and outcomes (Katz et al., 2015). 

 There are three widely used definitions of mild TBI and one established for 

military screening (See Table 2). The first definition, established in 1993 by the 

American Congress of Rehabilitation Medicine (ACRM, 1993), defines mild TBI as an 

alteration of brain function caused by external forces with one or more of the following: 

 loss of consciousness (LOC) lasting 0–30 minutes 

 post-traumatic amnesia (PTA) lasting less than 24 hours 

 focal neurologic deficits that may or may not be transient 
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 alteration of mental state at the time of the accident, which includes 

confusion, disorientation, or slowed thinking. 

Table 2. Definitions of MTBI 

Definitions of MTBI 

 Loss of 

Consciousness 

Post-

Traumatic 

Amnesia 

Glascow 

Coma Scale 

Focal 

Neurologic 

Deficits 

Other 

American 

College of 

Rehabilitation 

Medicine 

Lasting 0-30 

mins 

< 24 hrs 13-15 after 

30 mins 

+, May be 

transient 

Alteration of 

mental state 

(e.g., 

confusion, 

disorientation) 

Centers for 

Disease 

Control 

Lasting 0-30 

mins 

<24 hrs  + Headache, 

dizziness, 

fatigue 

World Health 

Organization 

Lasting 0-30 

mins 

Not 

required 

13-15 at 

presentation 

+  

Department 

of Veteran 

Affairs 

Lasting 0-30 

mins 

< 24 hours Best score 

13-15 in 

first 24 hrs 

+ Alteration of 

Consciousness 

<24 hr, 

normal 

structural 

imaging 

Adapted from  Katz, D. I., Cohen, S. I., & Alexander, M. P. (2015). Chapter 9: Mild 

traumatic brain injury. Handbook of Clinical Neurology Traumatic Brain Injury, Part 1, 

127,  131-156. 

 

 

 The US Centers for Disease Control and Prevention (CDC) definition of mild TBI 

is less specific than ACRM in that it includes any period of observed or self-reported 

transient confusion, disorientation, or impaired consciousness, dysfunction of memory at 

the time of the incident, and loss of consciousness lasting less than 30 minutes. 
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According to this definition, there may or may not be signs of neurologic dysfunction, 

such as headache, dizziness, or fatigue (National Center for Injury Prevention and 

Control, 2003).  

 The World Health Organization (WHO) Collaborating Center for Neurotrama 

Task Force on Mild Traumatic Brain Injury proposed a definition of mild TBI based on 

review of the literature (Caroll et al., 2004). Their criteria are similar to those proposed 

by ACRM, but specify the use of the GCS score of 13–15 at time of presentation to a 

healthcare professional instead of restricting it to a score within 30 minutes (Katz et al., 

2015). 

  The Department of Veterans Affairs in the US (2009) issued a Clinical Practice 

Guideline for the management of concussion and mild TBI. This guideline established 

similar criteria to that of ACRM for diagnosis of brain injury in combat soldiers, with the 

additional requirement that the alteration of consciousness last less than 24 hours and that 

structural imaging results are normal (Department of Veterans Affairs, 2009). Due to the 

high incidence of reported mild TBI in military personnel returning from combat (Katz et 

al., 2015), strict guidelines to differentiate mild TBI from non-TBI pathology are 

important, especially when there is a large overlap in the symptoms of mild TBI and post 

traumatic stress disorder (PTSD) (Katz et al., 2015). 

 Accurate diagnosis of mild TBI is a challenge because of the frequent presence of 

confounding factors (Katz et al., 2015). In many cases, clinicians rely on LOC or PTA 

that is self-reported and unreliable or from fragmented information from 
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witnesses. Furthermore, amnesia due to acute stress from the injury may further conceal 

the symptoms at the time of the event (Katz et al., 2015).  
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Assessment of MTBI 

 There is also a lack of objective biomarkers and diagnostic tools for diagnosing 

MTBI (Ciuffreda et al, 2014). While the symptoms of severe brain injuries are more 

observable, individuals with MTBI often appear normal. Many symptoms are not always 

immediately visible and when symptoms are visible, such as slow speech, balance 

problems, difficulty in communicating, or lack of attention, they are often mistaken for 

indicators of other etiologies. The barrier in the diagnosis of MTBI stems from the lack of 

measures that are adequately sensitive in detecting mild head injuries and to the 

dependence on  self-report of injury that is often unreliable (Diwakar et al, 2015.) There 

are several medical and neuropsychological approaches for assessing MTBI. Each has 

limitations to successful MTBI diagnosis.  

Computed Tomography and Magnetic Resonance Imaging 

 Computed tomography (CT) and Magnetic Resonance Imaging (MRI) are used 

for acute assessment of patients who present with mild TBI to identify focal hemorrhagic 

lesions and problems that may need neurosurgical intervention. Such conventional tools, 

however, do not adequately depict brain injury in MTBI because they are not sensitive to 

detecting diffuse axonal injuries (DAI), the major brain injuries seen in MTBI. CT has 

poor sensitivity for any of the pathophysiologic effects of mild TBI. While MRI is 25–

30% more sensitive than CT in revealing shear injuries, most cases of MTBI show 

normal MRI and CT results (Katz et al., 2015).  In a controlled study examining 20 

patients with typical mild TBI, with documented loss of consciousness of 5 minutes or 
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less, compared to a matched group without TBI, standard MRI showed no significant 

abnormalities in either group (Schrader et al., 2009). Between 84% and 96% of MTBI 

patients with a Glasgow Coma Scale (GCS) of 14 or 15, scores indicative of MTBI at the 

time of injury, have no abnormal findings on MRI or CT (Diwakar et al, 2015.) Also, 

MRI and CT results are negative in MTBI patients with persistent symptoms of post-

concussive syndrome (PCS). Because symptoms of MTBI may be vague and 

inconclusive, brain imaging findings may not correlate with the symptoms (Diwakar et al, 

2015.)  In conclusion, CT and MRI findings are poor predictors of persistent symptoms in 

patients with MTBI (Katz et al., 2015).  

Diffusion Tensor Imaging 

 Diffusion tensor imaging (DTI) has shown promise for demonstrating the 

combination of axonal and microvascular injury in individuals with MTBI (Katz et al., 

2015). DTI abnormalities, including reduced fractional anisotropy (FA) and increased 

radial diffusivity, have been demonstrated in acute and chronic patients with mild TBI 

compared to healthy controls (Katz et al., 2015). However, DTI abnormalities also occur 

in other disorders that may comingle with mild TBI, such as depression, learning 

disability, attention deficit disorder (ADD), and alcohol abuse (Katz et al., 2015). Also, 

alterations in fractional anisotropy on DTI may be caused by other abnormalities, 

differing in the acute, subacute and chronic periods, and do not necessarily reflect 

permanent axonal injury. In consequence, more research, including longitudinal analysis, 
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is needed to establish the use of DTI as an advantageous clinical diagnostic tool for mild 

TBI (Katz et al., 2015). 

Neuropsychological Assessment 

 Neuropsychological assessment is another frequently employed assessment 

method for MTBI. This assessment procedure provides useful information about the 

patient’s cognitive functioning that is not revealed through the findings on brain scans. 

As well as assisting with diagnostic issues, the results from a neuropsychological 

evaluation can be utilized for treatment and rehabilitation planning. The cognitive 

domains that are typically affected by MTBI include attention, memory, executive 

functioning, and information processing. Tests such as the Mini-Mental State Exam 

(MMSE) do not assess all of these domains and can only provide a gross estimate of 

cognitive capacity. A typical neuropsychological assessment for MTBI will include a 

clinical interview with the patient to determine (Kosaka, 2006): 

 Highest level of formal education 

 Presence of pre-existing learning difficulties. 

  Medical and psychological history. 

  Previous head injuries, including ones from childhood. 

 Cognitive complaints and emotional status. 

 Potential issues that must be factored into the assessment include the patient’s 

concerns about changes in ability to make a living and role changes. Based on the 

information gathered during the interview, an appropriate test battery can be chosen. A 



 20 

fixed battery of tests known as the Halstead-Reitan battery has been historically popular 

(Kosaka, 2006). However, most current assessments for MTBI use a flexible battery 

approach, where the tests are chosen based on the information gathered, systematic 

hypotheses testing, and an understanding of the underlying medical condition that is 

responsible for the cognitive and emotional difficulties. Most MTBI assessments will be 

more comprehensive in nature than a screening. For the patient who has limited insight, 

the assessment can make the deficits or problem areas more tangible. Learning of specific 

deficits can be extremely important to the patient and to rehabilitation, vocational, and 

educational planning (Kosaka, 2006). 

The cognitive and emotional domains assessed in a comprehensive neuropsychological 

assessment are: 

 Intellect: Establishing the level of intelligence is core to the assessment. The 

Weschler Adult Intelligence Scale (WAIS-III) is the most widely used  

standardized IQ test. A Full Scale IQ, Verbal IQ, and Performance IQ are 

generated. When the level of intellect has been established in a standardized 

manner, then estimates of pre-morbid functioning can be used and opinion can be 

offered on whether the patient’s current level of intellectual functioning appears 

to be a decline in functioning or not.  

 Higher cognitive abilities: Tests assessing this cognitive domain are seen as being 

sensitive to the frontal lobes and frontal circuitry. They include measures 
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assessing planning, abstraction, concept formation, organization, reasoning, 

inhibition, mental flexibility, initiation, and problem solving. 

 Attention: A significant attention problem can affect any cognitive domain and 

can give the impression of more impaired functioning. Determining if there are 

difficulties with focused, selective, alternating, divided, and sustained attention 

can help difficulties presented during day-to-day routines. 

 Memory: Typically the evaluation will include ascertaining whether there are 

difficulties in retaining and recalling information. There are also different aspects 

of memory functioning that can be affected, such as the retrieval of information 

rather than encoding.  

 Visual-spatial abilities: Although specific problems with visual, perceptual, or 

constructional abilities are not expected in MTBI, the time needed to complete 

many visual-spatial tasks can be an indicator of slow information processing. A 

task is administered in a standardized format and additional time is  provided to 

determine if the individual can complete the task correctly if given more time. 

 Motor and sensory abilities: These abilities are assessed by tasks such as 

squeezing a dynamometer (grip strength), finger tapping (motor speed), or using a 

two-point athesiometer (tactile discrimination). Limited testing may be 

appropriate if vocational or educational concerns are expressed in the referral 

questions.  
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 Emotional status: Self-report inventories assessing depression, anxiety, and other 

measures of psychological status are typically completed to  assess and quantify 

the severity of any disturbance.  

 Principal criticisms of using neuropsychological testing for diagnosing MTBI 

include the subjectivity of self-report, patient fatigue, motivation factors, practice effects, 

and influence of co-morbid conditions, such as pain and anxiety (Kosaka, 2006). In 

addition, changes in cognition and difficulties in attention often go undetected on 

neuropsychological tests, which can be insensitive to momentary lapses in concentration 

because they test these domains in discrete events (Kosaka, 2006). The presence of 

cognitive impairments in individuals with MTBI may skew test results because of 

instructional set confusion of certain test materials, attentional difficulties, and short-term 

memory deficits (Diwakar et al, 2015.)  There is no universally accepted 

neuropsychological testing battery for MTBI so flexible batteries up to the examiner’s 

discretion are used, which may confound testing results if different examiners select 

varied standardized tests to complete the assessment (Cifu et al, 2015). Lastly, 

assessment batteries are often time consuming and lack functionality for the therapeutic 

and medical setting. These limitations are a continuing and serious underlying problem in 

formulating the diagnosis of MTBI (Ciuffreda et al, 2014). 

 The need for an objective, noninvasive, and easy to administer measure of MTBI 

with high sensitivity and specificity is particularly important for military health care 

providers caring for war fighters in the battlefield as well as for healthcare providers in 
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sports medicine. The current lack of accurate diagnostics, biomarkers, and outcome 

measures has a negative impact on individuals with MTBI. Patients may have impaired 

professional activity, and develop failed interpersonal relationships. Without accurate 

diagnosis of MTBI, measuring the occurrence of MTBI or its societal impact is 

impossible. Though numerous studies have investigated neurologic deficits and factors 

ranging from executive functioning, completion of daily activities, return to work/school, 

language, reading and other specific impacts of concussion, there is no broadly accepted 

definition or objective diagnosis for MTBI (Samadani, 2015). In addition, the lack of 

appropriate classification and objective outcome measures for patients entering clinical 

trials for concussion and other forms of MTBI contributes to the failure of such trials for 

therapy and to subsequent research and those it serves, including athletes, students, and 

victims of brain trauma (Samadani, 2015). 
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Eye Tracking 

 A new measure for the assessment of MTBI that has shown promise as a quick 

and effective diagnostic tool in recent brain injury research is eye tracking. Eye tracking 

is the process of measuring either the point of gaze or the motion of an eye relative to the 

head and can measure either the eyes movement or what the eye chooses to look at. 

Unlike brain imaging and neuropsychological testing, eye tracking provides a basis for 

MTBI assessment that is functional, inexpensive, and non invasive; research has explored 

eye tracking as an efficacious means for MTBI diagnosis.  

Background 

  The clinical basis for eye tracking as a diagnostic tool for brain injury has ancient 

roots. Ocular examination has remained a key component of the physical examination of 

TBI patients for at least 3,500 years, as documented by the ancient Egyptian Edwin Smith 

papyrus case detailing disconjugate gaze associated with a skull fracture (Samadani et al., 

2015). In addition, eye movement tracking for neuropsychiatric and brain injury research 

has been performed for nearly 30 years and can evaluate smooth pursuit, saccades, 

fixation, pupil size, and other aspects of gaze (Samadani, 2015).  

 More recently visual tracking performance has been studied as a supplement to 

neuropsychological testing and brain imaging in patients with MTBI. Tracking of a 

moving target requires integration of multiple sensory input and cognitive processes such 

as the selection of the target, sustaining attention, and spatiotemporal memory (Katz et 

al., 2015). Gaze error variability has shown significant correlation with attention and 
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working memory measures on neuropsychological testing, indicating visual tracking can 

be a useful screening tool for MTBI (Katz et al., 2015). Although specific values 

regarding the credibility of eye tracking are not universally presented, sensitivity and 

specificity of eye tracking reaches nearly 100 percent when differentiating unimpaired 

participants from MTBI (Heitger et al, 2008). 

Data Collection 

 There are various ways in which eye tracking data is collected. The first is 

referred to as eye attached tracking which uses an eye attachment, such as a special 

contact lens with an embedded mirror or magnetic field sensor. The movement of the 

attachment is then measured with the assumption that it does not slip significantly as the 

eye rotates. The second is based on optical tracking and uses non-contact optical methods 

for measuring eye motion. This could include infrared light that is reflected from the eye 

and sensed by a video camera or some other optical sensor. The information is then 

analyzed to extract eye rotation from changes in reflections. Video-based eye trackers 

typically use the cornea and the center of the pupil as features to track over time. A more 

sensitive type of eye tracker, the dual-Purkinje eye tracker, uses reflections from the front 

of the cornea and the back of the lens as features to track (Crane, 1985). Optical methods, 

particularly those based on video recording, are widely used in studies assessing MTBI 

and are favored for being non-invasive and inexpensive. The third method uses electric 

potentials measured with electrodes placed around the eyes. The electric signal that can 

be derived using two pairs of contact electrodes placed on the skin around one eye is 
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called Electrooculogram (EOG). In contrast to video-based eye-trackers, EOG allows 

recording of eye movements even with eyes closed, and can be used in sleep research. 

EOG is a light-weight approach that requires very low computational power, works under 

different lighting conditions and can be implemented as a self-contained wearable system 

(Bulling, 2009).  

 In cases assessing MTBI and symptoms of head trauma, eye tracking data is 

collected using either a remote or head-mounted eye tracker that is connected to a 

computer. While there are many types of non-intrusive eye trackers, they typically 

include a light source and camera. The light source is directed toward the eye and the 

camera tracks the reflection of the light source along with the visible ocular features such 

as the pupil. This data is used to assess the rotation of the eye as well as the direction of 

gaze (Marshall, 2007).  

Methodology 

 There are several methods for interpreting eye data. The most common is to 

analyze the visual path of one or more participants across an interface like a computer 

screen. Each eye data observation is then translated into a set of pixel coordinates and 

from there the presence of absence of particular eye data points in different areas can be 

examined. This type of analysis is used to determine which features are seen depending 

on what the feature captures, such as attention, how quickly the eye moves, what content 

is overlooked, and other gaze related features. Beyond the analysis of visual attention, 

eye data can be examined to measure the cognitive state and workload of a participant. 
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The eye tracking'patented Index of Cognitive Activity (ICA) is among the most widely 

used of these metrics. The ICA is validated in multiple contexts as a reliable indicator of 

mental effort (Eye Tracking, 2015). With calibration, the eye tracker measures the 

relative position of pupil and corneal reflection for a period of about 400–800 ms while 

the subject looks at a target of known position to generate meaningful spatial coordinates 

during pupil movement (Samadani, 2015).   

Oculomotor Deficits in MTBI 

 The primary oculomotor deficits demonstrated in MTBI are difficulty reading 

(oculomotor specific), vergence (the simultaneous movement of both eyes in opposite 

directions to obtain single binocular vision), accommodation, and saccadic abnormalities 

(Heitger et al., 2009). Eye tracking assessment typically involves the examination of 

saccades (quick, simultaneous movement of both eyes between two phases of fixation in 

the same direction), fixation, and smooth pursuit eye movements (SPEM) (closely 

following a moving target) (Cifu et al, 2015).  
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Eye Tracking as Assessment Measure of MTBI 

 Studies have highlighted the ability for eye tracking designs to identify symptoms 

of MTBI that brain imaging cannot. Cifu et al. (2015) assessed 60 military service 

members with PCS as compared to 26 asymptomatic controls via a head-mounted, video-

based binocular eye tracker to examine saccades, fixations and SPEM. Results showed 

that the subjects with MTBI had larger position errors, smaller saccadic amplitudes, and 

longer durations. In addition, subjects with symptomatic MTBI were also less likely to 

track the stepwise moving targets, revealing possible brain dysfunction and concluded 

that patients with MTBI had trouble coordinating eye movements. Among patients who 

had hit their heads and had normal CT scans, and among all trauma patients, the severity 

of concussive symptoms correlated with severity of disconjugate eye movements. This 

investigation highlighted eye tracking as an objective means to identify individuals with 

PCS. Furthermore, Heitger et al. (2009) studied whether any abnormalities persisted in 

patients diagnosed with PCS versus patients with MTBI whose symptoms resolved. The 

group with PCS performed less well on anti-saccades, self-paced saccades, memory-

guided sequences, and smooth pursuit, suggesting deficits in response inhibition, short-

term spatial memory, motor sequence programming, visuospatial processing, and visual 

attention. Moreover, eye movements showed more marked impairments than 

neuropsychological testing in patients with more symptomatic PCS, indicating that it may 

be useful as a tool in assessment of this population. When applied to a brain injured 

population, eye tracking reveals that subjects with brain injury have significantly greater 
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oculomotor disruption than non-injured controls and oculomotor disruption correlated 

with symptom severity in all trauma patients (Samadani et al., 2015).   

 Samadani (2015), cofounder of Ocologica, a neurodiagnostic company that 

specializes in using eye tracking technology to detect concussions and MTBI, described a 

novel algorithm for eye tracking that will be useful for concussion and other forms of 

MTBI (Samadani et al., 2015). The difference between this research and prior eye 

tracking studies is that non-spatially calibrated eye tracking is used rather than spatially 

calibrated eye tracking. Rather than assess what someone chooses to look at, the tracking 

measures how well the eyes are capable of moving. This algorithm was developed 

because spatially calibrated tracking has demonstrated limitations, including subject 

fatigue, visual and other attention deficits, and distraction, and requires a trained eye 

tracker to determine eye tracking results.  

 The Samadani et al. (2015) technique consists of the subject watching a short clip 

which plays continuously inside while an aperture moves around the perimeter of the 

screen. The pupils are then tracked over 220 seconds of time for comparison to each other 

and to a database of control subjects (Samadani, 2015). Results of the study demonstrated 

that this methodology enables direct assessment of the physiologic function of cranial 

nerve III, the oculomotor nerve and VI, the motor nerve responsible for innervating the 

superior oblique muscle of the eye (Samadani et al., 2015). The recording of  eye 

movements allows rapid detection of cranial nerve palsies found in most brain trauma. 

This technique enables quantitative assessment of any pathologic process impacting the 
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functioning of these cranial nerves and thus creates a new mechanism for assessing 

physiologic function of the central nervous system by conferring the potential of eye 

tracking in a clinical context (Samadani et al., 2015). This method is useful for those 

unable to participate in calibration, such as young children, neurologically impaired 

individuals, and research animals capable of watching videos (Samadani et al.  2015).  

 Non-spatially calibrated eye tracking is as passive a task as possible to limit the 

impact of volitional factors such as attention and compliance with instructions, which are 

components of fatigue (Samadani et al., 2015). In addition, non-spatially calibrated eye 

tracking compared to other methodologies utilizing spatially calibrated eye tracking can 

be automated, and performed simply, remotely, and non-invasively, in the absence of a 

trained technician. The application of this algorithm as a potential outcome measure or 

biomarker for brain injury and concussion is advantageous compared to other assessment 

methods and previous eye tracking methods (Samadani, 2015).  

 Eye tracking represents a relatively newer modality for the assessment of central 

nervous system integrity. Eye tracking assesses brain function rather than appearance or 

electrical activity, and eye tracking examines automatic rather than consciously 

controlled movements of the eyes. The utility of eye tracking technology is for the quick 

and assessable detection of concussions and MTBIs on the basis of ocular motility 

(Ciuffreda et al., 2007; Goodrich et al., 2013). Eye tracking can detect and quantify the 

severity of abnormal eye movements within a few hours after concussion or MTBI 

(Samadani et al., 2015) and with the advent of portable head-mounted devices and non-
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spatially calibrated measures, eye tracking could be a readily assessable measure that 

could be utilized in all populations affected by MTBI. 
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Limitations/Future Considerations 

 MTBI is a condition that has been limited by lack of clear definition and 

diagnosis. The report describes an objective, rapid, noninvasive, and quantitative 

diagnostic tool for the assessment of brain-injured subjects that is not imaging or 

anatomy based, but entirely physiological and functional. Eye tracking could potentially 

enable informed decision making regarding return to baseline activity. In combination 

with devices such as accelerometers and other helmet sensors, eye tracking could be used 

in sports to identify  impacts that render the most disruptive blows and should be 

eliminated by ruling. Concussion and other forms of MTBI may be the first of several 

neurological disorders for which eye tracking will be the preferred diagnostic task 

(Samadani et al., 2015).  

 Eye tracking shows promise in identification of MTBI in individuals based on 

visual tracking that brain scans and neuropsychological testing alone cannot reveal. 

However, eye tracking is a recently developed diagnostic tool in this population and 

further review must be completed before generalization to the MTBI population as a 

whole. Future studies should assess which types of oculomotor deficits and examination 

processes (e.g., examination of saccades, fixation, or smooth pursuit eye movements) 

would result in the highest sensitivity and specificity in revealing disconjugate eye 

movements and subsequent MTBI diagnosis.  In addition, future studies should use 

dismantling designs to compare different eye tracking systems and what they purport to 

measure. This is important to understand which measure and system will be most 
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beneficial in terms of time and cost in determining an MTBI as efficiently and effectively 

as possible. 
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