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Introduction: In order to obtain FDA Marketing Authorization for aid in the diagnosis of concussion, an eye tracking study in an intended use population was conducted.

Methods: Potentially concussed subjects recruited in emergency department and concussion clinic settings prospectively underwent eye tracking and a subset of the Sport Concussion Assessment Tool 3 at 6 sites. The results of an eye tracking-based classifier model were then validated against a pre-specified algorithm with a cutoff for concussed vs. non-concussed. The sensitivity and specificity of eye tracking were calculated after plotting of the receiver operating characteristic curve and calculation of the AUC (area under curve).

Results: When concussion is defined by SCAT3 subsets, the sensitivity and specificity of an eye tracking algorithm was 80.4 and 66.1%, The AUC was 0.718. The misclassification rate (n = 282) was 31.6%.

Conclusion: A pre-specified algorithm and cutoff for diagnosis of concussion vs. non-concussion has a sensitivity and specificity that is useful as a baseline-free aid in diagnosis of concussion. Eye tracking has potential to serve as an objective “gold-standard” for detection of neurophysiologic disruption due to brain injury.
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Introduction

Traumatic brain injury (often abbreviated as TBI) is a multifaceted disease that may result in any of over 21 symptoms ranging from dizziness to photophobia (1). Current assessments for concussion, the most common type of TBI, rely on combining tests designed to evaluate functional domains known to be affected such as balance, memory, and cognition (2). An individual test for TBI may not be effective in diagnosing a patient if the test has not been designed to assess the specific symptoms with which the patient is presenting (3).

Because of the heterogeneity of the normal spectrum of brain function, many concussion detection tests require baseline assessments (4). Children with poorer academic achievement scores may do worse on these tests, particularly when reading is required (5). Tests requiring baselines are particularly vulnerable to developmental influence, learning curves, practice effect (6) and volitional exaggeration (7, 8). History of treatment for headaches, migraines, a psychiatric condition, and diagnosis of ADHD have been shown to affect baseline ImPACT scores (9). A baseline-free concussion diagnostic eliminates the possibility of “gaming” the test by failing or memorizing aspects of the baseline test, which occurs amongst athletes and military personnel, and reduces the amount of time required by athletic trainers and military personnel to conduct lengthy baseline testing sessions.

In this study only subsets of the Sports Concussion Assessment Tool 3 (SCAT3) symptom severity score (SSS) and standardized assessment of concussion (SAC) were used to define concussion. Version 3 of the SCAT was available at the time of the study. These subsets of SCAT3 are more appropriate for non-athletes than the complete SCAT3. Specifically, the following sections of the SCAT3 were not included for the accompanying reasons.

The Glasgow coma scale (GCS) was not used because any patient with a GCS below 14 should potentially be evaluated for more severe brain injury, and not enrolled in this clinical trial, e.g., eyes not opening spontaneously, no verbal response, no motor response. Some studies suggest that the GCS is not sensitive to less severe TBIs (10, 11).

The Maddocks Score section of the SCAT3 asks questions specific to the game the athlete is currently actively participating in and is therefore not appropriate for the emergency room or clinic setting (10, 11).

The balance examination is appropriate for athletes who are in training and normally have good to excellent balance. Unlike athletes, the general emergency department population often has comorbidities that preclude balance assessment, or are not meaningful without a baseline for comparison (10, 12).

For the purposes of assessing the eye movement-based algorithm for concussion, we defined concussion as (1) in the presence of AOC, SAC <23 and SSS >25, or (2) in the absence of AOC, subjects who exhibited SSS >32 and SAC <15.

An initial algorithm development study and preliminary pilot study of the BOX score algorithm have been reported by Samadani et al. and summarized (13, 14). The eye movement tracking algorithm detects disruption of central nervous system function and is sensitive for detection of acute mass effect in the brain (15). The algorithm also detects disruption of pathways controlling eye movements associated with structural TBI and concussion (16). Eye tracking is performed while a subject watches television or a video moving inside an aperture with a set trajectory for 220 s at a fixed distance from a viewing monitor. The position of each pupil is recorded over time elapsed as the video travels on its time course, enabling detection of impaired ability to rotate the eyes relative to time and therefore relative to each other. In previous work, it was demonstrated that the severity of disconjugate gaze in Emergency Department (ED) structural TBI and concussion patients detectable with this algorithm was proportionate to the severity of concussion symptoms.

The purpose of the current study is to validate the sensitivity and specificity of a baseline-free eye movement tracking algorithm developed by Samadani et al. (13) as a classifier for identifying concussion. The sensitivity and specificity of a baseline-free eye movement tracking based algorithm for concussion indicates that it is a useful aid in diagnosis of concussion in patients <2 weeks from injury. Eye tracking has potential to serve as a gold-standard for detection of physiologic disruption after brain injury.



Methods

Patients aged 4–67 suspected of having a concussion were recruited from an Emergency Room or Concussion clinic at 6 independent sites. 282 subjects (177 adults and 105 pediatric patients) were successfully enrolled in the study. Eye tracking while watching a short film clip for 220 seconds, alteration of consciousness (AOC), and Sports Concussion Assessment Tool (SCAT3) subsets were collected (16, 17). The SCAT subsets were the symptom severity score (SSS) and standardized assessment of concussion (SAC). The patient's medical history was also obtained.

Alteration of consciousness was defined as documentation in the medical record by the clinicians caring for the patient that the patient had loss of consciousness, or was unresponsive or less responsive at any point after injury.


Subject selection

Inclusion criteria for subjects were: able to provide written informed consent, ages between 4 and 67 years old (inclusive), have a suspected diagnosis of traumatic brain injury with a potential for concussion, have baseline vision correctable to within 20/500 bilaterally, have no prior history of diagnosed ocular motility disorder, and have the ability to provide a complete ophthalmologic, medical and neurologic history as well as medications/drugs/alcohol consumed within the 24 h prior to tracking. Exclusion criteria for patients were: injury which may have caused the concussion more than 2 years prior to enrollment, penetrating trauma, a head CT demonstrating evidence of acute brain injury (subdural, epidural or intraparenchymal hemorrhage, edema/mass effect per attending radiologist read), concurrent burn, anoxic injury or multiple/extensive injuries resulting in any medical, surgical or hemodynamic instability, blindness (no light perception), have missing eyes, be unable to open their eyes, have a prior history of ocular motility dysfunction, have had extensive prior eye surgery, have any physical or mental injury or baseline disability rendering task completion difficult, be intoxicated or have blood alcohol level >0.2, be a prisoner or in the company of a police officer or law enforcement officer pending arrest. The 2 year criteria for exclusion for previous concussion was set to exclude compounding effects from multiple head traumas.

This study was started in 2013, hence the older version of SCAT was utilized rather than updated versions. SCAT3 assessments were administered at the time of eye tracking by research personnel blinded to the eye tracking findings in patients.

For the purposes of assessing the eye tracking-based algorithm for concussion, we arbitrarily defined concussion as 1) in the presence of AOC, SAC < 23 and SSS > 25, or 2) in the absence of AOC, subjects who exhibited SSS> 32 and SAC < 15 (Note: Only 1 subject was in the latter group). Subjects meeting these criteria, and with a BOX Score ≥10 were considered “true positives” for concussion.

This work was conducted in order to obtain data for FDA marketing authorization and therefore it was tested in an “intended use” population that included a mix of both children and adults. There were no control groups included because the intended use of the device was not in people who did not have a history of possible brain trauma. The study design was prospective and observational without randomization or inclusion of control groups. The research teams conducting the eye tracking were blinded to the clinical examination findings and the clinical teams were blinded to the research findings.



Visual stimulus

We recorded subjects' eye movements using only a Eyelink 1000 eye tracker at a fixed distance of 55 cm from a computer monitor over a time period of 220 s. The Eyelink device is a stand alone device that allows for unassisted use. The distance was fixed by means of a chinrest attached to the base of the viewing monitor and camera. Subjects were seated in either a height adjustable or height-fixed chair or bed, with the monitor height adjusted to the subject as described previously (16). The visual stimuli were music or film video clips. The video was played continuously in a square aperture with an area ~1/8 the screen size while moving clockwise along the outer edges of a rectangular (aspect ratio 4:3) viewing monitor at a rate of 10 s per side for five complete cycles of 40 s each. The total visible span of the moving aperture was ~17° horizontally and 13 degrees vertically from midposition with a caveat that the subject may be viewing different portions of the aperture during each cycle. The first and last 10 s of each data set were discarded to yield 200 s of data. The afferent stimulus was presented binocularly and eye tracking was performed binocularly. Subjects were not spatially calibrated to the tracker to enable independent analysis of each pupil position over time. The presented eye tracking stimulus is not affected by confounding bias such as a disinterest or affinity toward the stimulus because multiple stimuli are presented and the ability for the eyes to track the motion is recorded.



Data analysis

The eye tracker sampled pupil position at 500 Hz, yielding 100,000 samples over 200 s. We created scatterplots of the entire time series by plotting the 100,000 (x, y) pairs representing the two orthogonal components of the pupil position estimated by pupil-cornea reflection measurement over time to create ‘box trajectories' that reflected the temporal nature of the pupillary movement. These figures look like boxes, reflecting the timing of the aperture as it moved around the screen with each 10 s of data collection representing one unit of ocular traverse. Horizontally the pupil traveled ~34° over 10 s and vertically it traveled ~23° in 10 s. 200 data points prior to and following each blink were removed before creating the measures of disconjugacy and aspect ratio to limit noise in the data from the blink event.

Typical eye tracking experiments feature a gaze-point-fixation-based calibration system to train the eye tracker's internal model to be able to accurately predict the subject's gaze position on the screen. The baseline-free eye movement tracking algorithm used for this study is not training a model eye gaze model nor is it concerned about the accurate localization of gaze on a screen (18). Raw pupil coordinates from the EyeLink device were transformed based on values from each eye respectively, not mixing values across eyes, consistent with our assumption that brain injured patients have eyes that may not move together.



Statistical analysis

Data were analyzed for “True Positives”, “True Negatives”, “False Positives” and “False Negatives” for the algorithm (BOX) score as compared with the clinical reference standard.




Results

We tested the algorithm performance in a validation dataset consisting of 282 subjects.

The average age of the enrolled population (n = 282), with concussed and non-concussed according to the clinical refence standard is presented in Table 1. 177 adults, 72 pediatrics (ages 12–21 years) and 33 children (ages 5–11) were enrolled.


TABLE 1 Average age of the enrolled population and subsets.
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Algorithm validation

The sensitivity and specificity of the algorithm are shown in Table 2. The receiver operating curve (ROC) is shown in Figure 1, has an AUC of 0.717. The numbers of true-positives (TP), false positives (FP), false negatives (FN), and true negatives (TN), are shown in Table 3. An analysis which excludes subjects with high neck pain, but low overall symptoms, from the N = 282 full data set was conducted per the following criteria to differentiate cervical injury symptoms from brain injury (17): Subjects with a high neck pain score of 5 or 6 (on a scale of 0 to 6), a score of 0 for nausea (on a scale of 0–6), and an average score of ≤4 on all symptoms were excluded for the below analysis. Based on the preceding criteria, 9 subjects were identified as “primary complaint of neck pain” subjects. Excluding these 9 patients from the study population resulted in 273 patients. Patients ages 12 or under are not asked about neck pain in the SCAT3 questionnaire. The SCAT3 reference test diagnosed 5 of these 9 “primary complaint of neck pain” subjects as concussed and 4 as non-concussed. The SCAT3 was used before 2016 instead of the newer SCAT5, that became available post 2016. The post concussion severity score used in both version is the same, so this should not alter the outcome. When excluding subjects with a primary neck pain diagnosis, the sensitivity improves to 83.7% and the specificity remains approximately the same at 65.6%.


TABLE 2 Sensitivity and specificity of the algorithm (BOX Score) vs. the clinical reference standard.
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FIGURE 1
 Receiver operating curve (ROC). AUC = 0.717.



TABLE 3 TP, FP, FN and TN values.
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Discussion

Concussion is challenging to diagnose because many of the functions it disrupts are difficult to measure objectively. Many current tools available to assess concussion could be impacted by factors other than the concussion such as interest, hunger, fatigue, distractibility, education level and cultural factors. The purpose of this work is to determine the sensitivity and specificity of a baseline-free objective eye movement tracking algorithm for acute concussion. Diagnostics for traumatic brain injury include multiple forms of physical and cognitive assessment, imaging, electrical, cellular/molecular markers, and physiologic assessment. Heterogeneity of baseline function, variability in assessor experience and skill, and volitional behaviors render classification of the nature of injury difficult. Eye movements are reflexively coordinated in the brainstem with inputs from multiple cortical and subcortical tracts and thus are an ideal physiology to examine as an objective measure of dysfunction.

The eye movement tracking algorithm assessed in this work, referred to subsequently as the EyeBOX test, provides an objective measure of eye tracking abnormalities to augment the current methods of evaluation of the patient with suspected concussion. The reported sensitivity and specificity indicate consistency with an arbitrarily defined clinical reference standard of symptom severity plus cognitive assessment. Because there is currently no gold-standard clinical definition of concussion and no known cut-off value that is widely validated, we had to arbitrarily select a cutoff. In addition, the SCAT tests are designed for use in athletes rather than the general population, who have more diverse comorbidities. Because there are relatively few objective validated measures for concussion, an arbitrary cutoff had to be selected.

We would propose that the EyeBOX test is a purely objective measure of physiologic function that provides an additional dimension to concussion diagnosis in a heterogeneous population and would not be expected to duplicate the results of a clinical symptom assessment designed for athletes and based on a participant's subjective input, volitional effort and baseline cognitive reserve.

A widely used TBI diagnostic called the ImPACT test reported a sensitivity and specificity of 81.9 and 89.4%, respectively, in a 2006 study (19). One caveat in comparing the sensitivity and specificity of the ImPACT test to EyeBOX, is that ImPACT uses the same criteria to make its assessment as the criteria in their reference standard. In addition, the population studied for the ImPACT test is relatively homogenous group of high school athletes, not all of whom were injured. This increases the number of TN (true negatives)'s and thus the specificity of the test beyond what would occur in EyeBOX's intended use population, which only included trauma patients.

Our eye-tracking study confirms high sensitivity in a heterogenous population of emergency department and concussion clinic patients. This study was designed to specifically assess TBI across a broad range of ages and injuries in the injured intended use population. It is compared to an assessment designed for athletes primarily because relatively few other validated objective measures exist.

In summary, the present study enrolled a heterogeneous population presenting to the emergency department or concussion clinic (the age of subjects ranged from 5 to 67 years and gender was balanced). An eye tracking score, which is based on measures of ocular dysmotility, was compared to a combination of self-reported symptoms and a cognitive assessment and resulted in a sensitivity and specificity of 80.4 and 66.1%. The reason that this is an acceptable level of performance is that the data was taken from a heterogeneous population, which was compared to an independent reference standard without an uninjured control group to increase its specificity. The results from multiple eye tracking clinical trials and recent FDA approval of the EyeBox set the stage for a larger scale clinical trial to define how specific attributes or deficiency in eye-tracking ability are associated with symptoms, brain imaging, and outcomes. Future trials may include newly designed wearable eye tracking goggles, which will enhance the ease of use and increase accuracy and precision of measurement to identify individualized eye tracking fingerprints of brain injury.
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