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A B S T R A C T   

Objective Vestibular/ocular deficits occur with mild traumatic brain injury (mTBI). The vestibular/ocular motor 
screening (VOMS) tool is used to assess individuals post-mTBI, which primarily relies upon subjective self- 
reported symptoms. Instrumenting the VOMS (iVOMS) with technology may allow for more objective assess-
ment post-mTBI, which reflects actual task performance. This study aimed to validate the iVOMS analytically and 
clinically in mTBI and controls. 

Methods Seventy-nine people with sub-acute mTBI (<12 weeks post-injury) and forty-four healthy control 
participants performed the VOMS whilst wearing a mobile eye-tracking on a one-off visit. People with mTBI were 
included if they were within 12 weeks of a physician diagnosis. Participants were excluded if they had any 
musculoskeletal, neurological or sensory deficits which could explain dysfunction. A series of custom-made eye 
tracking algorithms were used to assess recorded eye-movements. 

Results The iVOMS was analytically valid compared to the reference (ICC2,1 0.85–0.99) in mTBI and controls. 
The iVOMS outcomes were clinically valid as there were significant differences between groups for convergence, 
vertical saccades, smooth pursuit, vestibular ocular reflex and visual motion sensitivity outcomes. However, 
there was no significant relationship between iVOMS outcomes and self-reported symptoms. 

Conclusion The iVOMS is analytically and clinically valid in mTBI and controls, but further work is required 
to examine the sensitivity of iVOMS outcomes across the mTBI spectrum. Findings also highlighted that symptom 
and physiological issue resolution post-mTBI may not coincide and relationships need further examination.   

1. Introduction 

Mild traumatic brain injury (mTBI), also known as concussion, oc-
curs following a direct or indirect impact to the head or neck causing a 
complex pathophysiological process and damage to the diffuse tissue 
[1]. In the UK alone, the government reported that around 1.3 million 
people per year attend hospital emergency departments for head injury 
and 75 % of these are mTBI [2]. Signs and symptoms which commonly 
accompany mTBI include loss of consciousness, dizziness, headache, 
disorientation, and nausea [3]. It is known that deficits in ocular motor 
functioning exist post head injury when compared with age matched 
controls across multiple domains [4]. Diagnosis of mTBI and the neural 

impairment incurred is typically performed with subjective clinical 
observation or patient self-report (e.g., Sports Concussion Assessment 
Tool – 5th version (SCAT-5) [5] and the Rivermead Questionnaire [6]), 
with very little objective assessment performed, which leads to subtle 
deficits in function going unnoticed. 

Subtle impairment in vestibular (e.g., vertigo, dizziness, unsteadi-
ness / balance issues) or ocular function (e.g., visual acuity, pupillary 
function, nystagmus, and saccadic eye movement [7]) are common 
following an mTBI, which is unsurprising considering many of the 
brain’s most vulnerable pathways involve aspects of visual control [8,9]. 
For example, up to 80 % of concussed athletes report issues with their 
vision within the first week of their injury [10]. However, these 
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impairments are more difficult to detect subjectively than typical 
self-reported symptoms (e.g. confusion and nausea) and they often 
persist post-concussion [11]. One tool that is commonly used to evaluate 
these impairments is the Vestibular / Ocular motor screening (VOMS), 
which involves a patient performing eye movement tasks of smooth 
pursuits, saccades, convergence, vestibular ocular reflex (VOR) and vi-
sual motion sensitivity (VMS) tasks and reporting their symptoms (i.e., 
headache, dizziness, nausea and fogginess). While the VOMS has been 
shown to have some discriminative utility in mTBI, it is at risk for 
inaccurate diagnosis, as patients can minimize symptoms for personal or 
external motivations to return to their usual activities [12,13]. There is 
also no evidence that symptomology during the VOMS tasks relates to 
specific objectively measured eye movement impairments, which makes 
rehabilitation and recovery tracking difficult. 

There is demand for more objective methods of assessment of eye 
movements after mTBI in order to assess and monitor these subtle im-
pairments [14], which could impact daily function or lead to increased 
risk of further injury. Eye tracking has shown promise in detection of 
subtle deficits that relate to underlying neural impairment in mTBI [15, 
16]. Specifically, various commercial devices have been developed and 
marketed that can examine a range of eye movements, such as the 
EyeBox, EyeSynch, iPAS etc. However, commercial eye tracking systems 
have a large expense (e.g., EyeBox ~$60k) and the proprietary 
’black-box’ nature of the algorithms used to derive outcome measures 
makes it difficult to trust that deficits are accurately being measured. 
Additionally, many of these commercial systems have received little 
validation, with most relying on clinical validation (e.g., differentiate 
groups, show decline or ability to monitor recovery etc.) but none 
having any analytical validation of underlying algorithms performed (i. 
e., comparison to accepted references), which is a prerequisite for digital 
biomarkers with regulatory bodies. Furthermore, many of the eye 
movement tasks that are performed with commercial systems take a long 
time (some up to 20 min) to perform and there is no capture of patient 
feedback (e.g., symptomology during tasks). There is a need to develop 
quick and clinically feasible eye tracking capabilities for mTBI assess-
ment that does not rely on proprietary algorithms and could be con-
ducted at relatively low cost. 

Mobile eye trackers can be easily implemented in clinical environ-
ments as they can be quickly deployed, do not require a laboratory or a 
large amount of space. Furthermore, the cost of mobile eye-tracking 
devices has substantially reduced in recent years (e.g., Pupil Labs 
Invisible ~$5k). These systems now support open-source, device 
agnostic algorithms that can be applied across various devices with the 
same or similar sampling frequencies. Moreover, many of these systems 
demand minimal expertise to operate, as calibration is either a single 
point for patient to view or an automatic process. Mobile eye-trackers 
can instrument eye movement assessment during standard clinical 
tests, such as the VOMS (e.g., instrumented VOMS (iVOMS)), which 
would combine objective measurement with subjective patient report-
ing of symptoms. The combination of self-reported symptoms and 
objective eye movement outcomes would also provide a unique ability 
to examine whether symptoms reported during the VOMS actually relate 
to objectively measured eye movement deficits, as this has not been 
shown previously. Development and validation (both analytical and 
clinical validation) of an iVOMS assessment for mTBI would allow cli-
nicians to obtain objective and subjective feedback on eye movement 
deficits, which could be done quickly in any location and with little 
technical eye-tracker expertise. 

This study aimed to perform; 1) Analytical validation of the iVOMS: 
Several algorithms were developed to instrument the various eye 
movement tasks of the VOMS (iVOMS) and the eye movement outcomes 
were compared to the reference of manual observation of videos 
(’reference standard’) in the assessment of individuals with mTBI (<12 
weeks post-injury) and healthy controls, in line with previous analytical 
validation work [17,18]; and 2) Clinical Validation of the iVOMS: This 
was performed through examination of whether there were significant 

differences in iVOMS outcomes between those with mTBI (<12 weeks 
post-injury) and healthy controls, and via correlation of iVOMS out-
comes with traditional subjective measures of symptom severity (e.g., 
VOMS and SCAT5). We hypothesised that the algorithms developed for 
the iVOMS would have good analytical validation compared to reference 
methods, and good clinical validity with the ability to differentiate mTBI 
from healthy controls and correlation to typical symptom scales. 

2. Methods 

This study is part of a larger study on assessing and providing 
rehabilitation of balance following mTBI. The following section is a brief 
overview of the study methodology. For detailed information, please 
refer to the published protocol [19]. 

2.1. Participants 

A total of 79 people with sub-acute mTBI and 44 healthy controls 
(convenience sample) were enrolled and tested. Data were collected at 
two independent research sites: Oregon Health & Science University 
(OHSU) and Northumbria University (NU). Seventy-nine (79) in-
dividuals with mTBI and 10 healthy controls were recruited as part of a 
larger study at OHSU (ClinicalTrials.gov identifier: NCT03479541), 
while 34 additional healthy controls were recruited at NU (Clin-
icalTrials.gov identifier: NCT04938570) [20]. For OHSU, approval of 
the study was granted through a joint institutional review board from 
OHSU and Veterans Affairs Portland Health Care System (VAPORHCS) 
(IRD #17,370). At NU, the study was approved by the university 
research ethics committee (REF #2365). Written informed consent was 
obtained from participants prior to all testing. 

2.1.1. Inclusion/exclusion criteria 
Participants with mTBI were included if they had a physician 

confirmed diagnosis of mTBI within 12 weeks of their injury; if they 
were aged between 18 and 60 years old; endorsed ≥1 for either balance, 
dizziness nausea, headache, or vision AND had a minimum total 
symptom severity score of 15 on the graded symptom checklist from the 
SCAT – Version 5; and having no or minimal cognitive impairment (≤9 
on the Short-blessed test). 

All participants (mTBI and healthy control) were excluded if they 
had any other musculoskeletal, neurological, or sensory deficits that 
could explain dysfunction; healthy control participants were excluded if 
they had a previous mTBI, had a moderate to severe substance use dis-
order within the past month; if they experienced severe pain during the 
evaluation (≥7/10 subjective visual analogue scale rating); if they were 
pregnant; if they were unable to abstain from medications that might 
impair balance 24 h prior to testing; had contraindications to rehabili-
tation such as unstable Cervical Spine; and if they actively participated 
in physical therapy for their mTBI. In line with previous research, mTBIs 
were categorised as immediate (between 0 and 7 days), acute (within 
1–6 weeks), post-acute (7–12 weeks), and >12 weeks as chronic mTBI 
[19,21]. 

2.2. Equipment 

Infra-red (IR) mobile eye-tracker: A head-mounted infra-red mo-
bile eye-tracking system - Tobii Pro Glasses 2 (100 Hertz (Hz), Tobii 
Technology Inc., VA, USA) recorded participant eye-movements during 
the VOMS [22]. Participant pupils were recorded binocularly by means 
of four infrared illumination eye cameras, which provided the gaze co-
ordinates (x, y). The Tobii system also contains tri-axial accelerometer 
and gyroscope for measuring head kinematics (sampled at 100 Hz). 

Video: The infrared (IR) eye-tracker used a dual camera view sys-
tem, with a video recording from an eye camera and a field of view 
camera (1080p high definition, 50 Hz). The eye-tracker was calibrated 
prior to data collection using the manufacturer’s single point calibration 
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method, which overlaid the eye and field video outputs with a crosshair 
provided on the video to represent pupil location. Coordinate (x, y) data 
were derived from the cross-hair (red circle) location and were used to 
derive eye-movements. 

2.3. Protocol 

All eligible participants gave informed consent after the initial 
screening. Demographics, and mTBI symptoms (SCAT5 symptom score) 
were recorded. SCAT5 symptoms were reported prior to the initiation of 
the VOMS. At both sites, testing was conducted while participants wore 
the Tobii Pro glasses. They were asked to perform the VOMS [10] tasks, 
with a 3-second pause at the start and end of each test to allow the eye 
tracker to reset. Symptoms were scored on a scale of 0 (none) to 10 
(worst) after each of the following tasks: 1) horizontal and vertical 
smooth pursuit, 2) horizontal saccades, 3) vertical saccades, 4) near 
point convergence, 5) horizontal VOR, 6) vertical VOR, and 7) (VMS) 
(Fig. 1, Table 1). The VOMS is a sensitive tool for mTBI assessment and 
demonstrates internal consistency [10,23,24]. 

Smooth Pursuit: Participants were asked to focus on a target 
approximately 3 feet away and follow it with their eyes (while keeping 
their head stationary) as it moved horizontally from left to right and 
vertically up and down (i.e., 1.5 feet to left and right, up and down). 

Saccades: Participants were seated and positioned 3 ft from a wall 
and were asked to move their eyes as quick as possible between two 
points on the wall separated by 3 ft distance between them (i.e., 1.5 feet 
either side, up and down). One trial was run horizontally, and another 
vertically. As per the original VOMS instructions we used ‘two points’ to 
move the eyes between, but to ensure consistent distance and approach 
we did not use fingertips (as per VOMS instructions example). 

Convergence: Participants were given a wooden lollypop (i.e., 
popsicle) tongue depressor stick to hold at arm’s length in front of them. 
A printed letter A (with a size 14-point, black font on white paper) was 
attached to the top of the lollypop stick. The participants were instructed 
to slowly bring the stick toward their nose while keeping focus on the 
letter A, and to stop once they lost focus and started to see double (there 
were two A’s in their vision). Abnormal convergence (in this case from 
the nose to where they see a double image) was defined as being >5 
centimetres (cm) from the nose [10]. 

Vestibular Ocular Reflex (VOR): This was measured horizontally 
and vertically by asking the participants to rotate their head while 
maintaining focus on a still target in the centre of their gaze. Participants 
moved their head at an amplitude of 20 degrees (◦) to each side in time 
with a metronome set to 180 beats/minute. Ten repetitions from left to 
right or up and down were performed. 

Visual Motion Sensitivity (VMS): The participants were asked to 
hold out their arms in front of them and link their hands together. They 
focused on their thumbs and rotated their trunk, head, and eyes as a unit 
at an amplitude of 80◦ to the right and left. A metronome was played at 
50 beats/minute, and participants were asked to maintain their 

rotations at the speed of the metronome. Five rotations left and right 
were performed. 

SCAT5 Symptom Index: Along with demographic characteristics (i. 
e., age, height, weight etc.) the symptom index section of the SCAT5 was 
also collected from the participants [5], as well as self-reported days 
since injury. The SCAT5 symptoms score involves a self-report of 22 
symptoms (e.g., headache, confusion, drowsiness) scored on a 7-point 
Likert scale. Symptoms are categorised from 0 (none) to 6 (severe), 
making the highest possible total symptom 132. 

2.4. Algorithmic detection of visual events 

To analyse data from the eye-tracker, we developed our previous 
mobile eye-tracker algorithms for saccade detection [17] to provide 
additional outcomes from other visual tests included in the VOMS. We 
processed all eye movement data in MATLAB® 2018b (Mathworks, 
Natick, MA, USA). We initially calculated the frame-to-frame position 
change of the x and y co-ordinates of the eye location for each frame in 
the raw data, which provided a distance in pixels. This distance was then 

 

Smooth pursuit is the ability to follow a slow-moving target. 

Saccades are the quick horizontal or vertical eye movements between targets. 

Convergence is the ability to view a near target without experiencing double vision. 

VOR is the ability to maintain stable vision whilst the head is moving. 

VMS is the ability to inhibit vestibular-induced eye movements using vision. 
   

Fig. 1. VOMS outcomes explanation.  

Table 1 
Participant demographics and VOMS scores.   

mTBI (n =
79) 
Mean (SD) 

Control (n =
44) 
Mean (SD) 

p 

Age (years) 33.91 
(11.90) 

21.80 (3.83) <0.001* 

Sex M (15) / F 
(65) 

M (34) / F 
(10) 

<0.001* 

Height (m) 1.68 (0.09) 1.78 (0.10) <0.001* 
Mass (kg) 72.03 

(13.83) 
90.70 (18.61) <0.001* 

SCAT 5 Symptom Score total 56.42 
(20.64) 

– – 

Days since injury 33. 87 
(21.75) 

– – 

VOMS Baseline Symptom Score - total 8.74 (5.27) 0.00 (0.00) <0.001* 
VOMS Smooth Pursuit Symptom 

Score - total 
8.98 (5.46) 0.59 (2.18) <0.001* 

VOMS Saccade (horizontal) Symptom 
Score - total 

2.63 (2.21) 0.80 (3.43) .006* 

VOMS Saccade (vertical) Symptom 
Score - total 

10.81 (6.09) 0.86 (4.28) <0.001* 

VOMS Convergence Distance (cm) 8.42 (6.20) 4.36 (3.10) <0.001* 
VOMS Convergence Symptom Score - 

total 
11.10 (6.42) 1.30 (2.54) <0.001* 

VOMS VOR (horizontal) Symptom 
Score - total 

11.86 (6.70) 1.14 (3.32) <0.001* 

VOMS VOR (vertical) Symptom Score 
- total 

11.64 (6.22) 1.68 (4.68) <0.001* 

VOMS VMS Symptom Score - total 12.08 (6.38) 0.00 (0.00) <0.001* 

[*p ≤ 0.01, SCAT= Sports Concussion Assessment Tool 5 VOMS = Vestibular/ 
Ocular motor screen, VOR = Vestibular ocular reflex, VMS= Visual motion 
sensitivity]. 
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converted to degrees using a conversion value (number of pixels on x 
and y axis divided by degrees of camera field of view). From the change 
in distance, we calculated the velocity and acceleration of the signal. The 
specific event detection elements of each algorithm involved the 
following criteria and outcomes:  

1. Saccades: Pupil velocity >150◦/second (~2◦ distance; to ensure rule 
out of micro-saccades), acceleration >3000◦/s2, and maximum 100 
milliseconds (ms) duration classified a saccade. A gap of >100 ms 
between eye movements classified a different saccade.  

2. Smooth Pursuit: Velocity >20◦/s (maximum 100◦/s) and duration 
>60 ms classified a smooth pursuit. A gap of >100 ms between eye 
movements classified a different smooth pursuit. Saccadic intrusions 
(i.e., poor performance) were calculated with the same criteria as 
above, and saccadic data was removed from smooth pursuits.  

3. Convergence: Velocity >0.5 millimetres/second (mm/s) and >20 
mm/s2 acceleration for both left and right eye combined classified a 
convergence eye movement. Distance was calculated in mm (of pupil 
movement) rather than degrees in order to match to the traditional 
measurement in cm (of eye to target distance). Saccadic intrusions 
were calculated with the same criteria as above. 

4. VOR: Calculated separately for the horizontal and vertical di-
rections. Saccadic intrusions were calculated with the same criteria 
as above. After removing saccade data, cross correlation coefficients 
were used to calculate gain (i.e., similarity between head and eye 
movement) by examining the relationship between eye tracker head 
accelerometer data and eye movement x and y co-ordinate data.  

5. VMS: Conducted in the same manner as VOR analysis but only one 
direction/trial. 

2.5. Validation of iVOMS algorithms 

Initial validation of the iVOMS algorithm outcomes was performed in 
a sub-group of participants (n = 10 mTBI and n = 10 healthy controls). 
This involved comparing the algorithm output with manual inspection / 
analysis of the eye-tracking videos by an expert rater [22,25,26]. 

Video inspection (’reference standard’): Videos were manually 
analysed in line with previous work [17,18,27]. To compare eye-tracker 
algorithm results, all high-definition field camera videos were visually 
inspected by a single expert examiner. This was completed by evaluating 
the footage frame-by-frame for each participant for each of the VOMS 
trials (140 videos in total). The visual inspection involved recording the 
number of saccadic events (fast eye-movements) seen within each video, 
which was then compared to the saccade events determined by the IR 
eye-tracker algorithm output. 

2.6. Statistical analysis 

Data were analysed using SPSS (v28, IBM Inc, IL, USA). Normal data 
distribution was determined using Kolmogorov-Smirnov tests. De-
mographics were reported using descriptive statistics (means, standard 
deviation etc.), with group differences calculated using independent t- 
tests and chi squared tests when appropriate. 

2.6.1. Analytical validity analysis 
Algorithm outcomes were compared to manual video analysis by an 

expert rater (gold-standard or ground truth reference) in line with pre-
vious research studies [17,18,27]. Eye movement (e.g., saccade or 
smooth pursuit) detection (number) was evaluated during all the VOMS 
tasks, except convergence. Absolute agreement between methodologies 
was assessed using intra-class correlations (ICC2,1). ICCs were inter-
preted as; poor <0.5, moderate 0.50–0.75, good 0.75–0.90 and excellent 
>0.90 [28]. Convergence distance was compared between the standard 
VOMS (distance of target to the nose in cm) and eye-tracker outcomes 
(distance of pupil movement in mm) using Spearman’s correlation co-
efficients (due to the smaller sub-group sample size). 

2.6.2. Clinical validity analysis 
To compare eye-tracker outcomes from the iVOMS test between 

groups, we used one-way ANCOVA with group (mTBI or healthy con-
trol) as a between-subject factor, and age and sex as control variables 
(due to these demographics being significantly different between groups 
and having known influence on eye-movements and mTBI). Pearson’s 
correlations were used to examine the relationship between iVOMS 
outcomes that were significantly different between groups(mTBI vs 
control) and symptom severity measures (VOMS, SCAT5). Control for 
multiple-comparisons was done with a more stringent p-value of p ≤
0.01 (adjusted-alpha = 1 %) to reduce type I error (i.e., detecting a false 
positive) while attempting to avoid type II error (i.e., failing to detect a 
true difference) in this exploratory / novel study [29,30]. 

3. Results 

Table 1 shows that the participant groups were significantly different 
in terms of age, sex, height, and weight (all p<.001). The mTBI group 
also reported significantly worse symptoms on all of the VOMS self- 
reported symptoms scores and tasks compared to healthy controls 
(Table 1). 

3.1. iVOMS analytical validation 

There was good to excellent agreement between the ground truth 
manual video inspection of saccades and the automated algorithm 
output (Tables 2 and 3). Specifically, the iVOMS outcomes ranged from 
good (ICC 0.85) to excellent (ICC 0.99) agreement across the mTBI and 
healthy control groups for saccade, smooth pursuit, VOR and VMS tasks. 
Additionally, the VOMS convergence target distance measurement was 
significantly correlated with the iVOMS pupil distance across groups 
(mTBI, healthy control) (all p<.001). 

3.2. iVOMS clinical validation 

After adjusting for age and sex within an ANCOVA and applying a 
more stringent p-value of p<.01, there were several significantly 

Table 2 
Eye movement detection validity.  

(50 Hz) 
Mean n 
(100 Hz) 

Algorithm Video   

Mean n ICC (2,1)    

mTBI (n = 10) SH 19 19 0.92 (0.71 – 0.98)  
SV 20 19 0.91 (0.65 – 0.98)  
SP - saccades 12 10 0.88 (0.48 – 0.97)  
SP 6 6 0.92 (0.68 – 0.98)  
VORH - saccades 12 10 0.85 (0.31 – 0.96)  
VORV - saccades 12 11 0.95 (0.81 – 0.99)  
VMS - saccades 49 48 0.99 (0.98 – 0.99) 

Healthy Control (n = 10) SH 31 32 0.98 (0.91 – 0.99)  
SV 40 39 0.99 (0.97 – 0.99)  
SP - saccades 22 22 0.98 (0.92 – 0.99)  
SP 9 10 0.91 (0.65 – 0.98)  
VORH - saccades 28 25 0.96 (0.63 – 0.99)  
VORV - saccades 26 24 0.98 (0.81 – 0.99)  
VMS - saccades 56 53 0.99 (0.85 – 0.99) 

All (n = 20) SH 25 25 0.98 (0.95 - 0.99)  
SV 30 29 0.98 (0.95 - 0.99)  
SP - saccades 17 16 0.96 (0.91 - 0.99)  
SP 8 8 0.86 (0.71 - 0.95)  
VORH - saccades 20 17 0.97 (0.83 - 0.99)  
VORV - saccades 19 18 0.98 (0.93 - 0.99)  
VMS - saccades 52 50 0.99 (0.97 - 0.99) 

[mTBI = mild traumatic brain injury, ICC = Intra-class correlation coefficient, 
SH = Saccades horizontal, SV = Saccades Vertical, SP = Smooth Pursuit, VORH 
= Vestibular ocular Reflex Horizontal, VORV = Vestibular Ocular Reflex Ver-
tical, VMS = Visual Motion Sensitivity]. 
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different variables between the groups and several trends for signifi-
cance in other variables (Table 4). The iVOMS outcomes showed that 
vertical saccade duration, velocity, and distance, as well as smooth 
pursuit velocity and convergence duration were significantly impaired 
in mTBI compared to healthy controls. There were no outcome measures 
that had significant differences between groups for the horizontal 
saccade test of the iVOMS (Table 4). Smooth pursuit mean velocity was 
significantly lower in mTBI than controls (p=.001), and the number of 
saccadic intrusions and saccadic intrusion number during smooth pur-
suits were reduced in mTBI compared to controls (F = 5.75, p=.001, F =
5.63, p=.001 respectively, see Table 4). Additionally, during horizontal 
VOR (VORH) saccadic intrusion velocity (mean and max) and duration 
were lower in mTBI compared to controls (F = 6.17, p<.001, F = 10.05, 
p<.001 respectively). Similarly, VORH distance was reduced in mTBI (F 
= 10.56, p<.001). During vertical VOR (VORV) significant differences 
were seen for saccadic intrusion number (F = 7.28, p<.001). During 
VMS saccadic intrusion velocity (mean and max) were also reduced in 
mTBI compared to controls (F = 6.17, p<.001, F = 10.05, p<.001 
respectively). Convergence duration was also significantly longer in 
mTBI compared to controls (F = 36.49, p<.001). 

Tables 5 and 6 illustrate the lack of statistically significant rela-
tionship between significantly different iVOMS outcomes between mTBI 
(n = 79) and HCs (n = 44) and self-reported VOMS symptoms and SCAT5 
symptom scores in the mTBI group. However, there were several trends 
for relationships, such as saccadic intrusion number during VORV with 
VOMS (r=− 0.25, p=.035; Table 5) and mean smooth pursuit velocity 
with SCAT5 symptoms score (r = 0.244, p=.040; Table 6). 

4. Discussion 

This is the first study to instrument the VOMS with a mobile eye- 
tracker and perform analytical and clinical validation of the developed 
iVOMS assessment. This is fundamental in ensuring accurate eye 
movement outcomes and developing automated data analysis methods 
that can be used to make clinical decisions in a timely manner. Our study 
had three key findings. First, mobile eye-tracking and the algorithms 
used to instrument the VOMS are robust. Second, the iVOMS objective 
eye movement outcomes can differentiate mTBI from healthy controls in 
some key measurements. And third, the iVOMS outcomes did not 
correlate with self-reported symptom severity scores in mTBI (total 
VOMS and total SCAT5). These findings suggest that mTBI impacts eye 
movements and highlight the value of adding objective (quantitative) 
measures for improved mTBI assessment, which can overcome the 
limitations of self-reported assessment. Conducted in conjunction with 
subjective measures, the iVOMS can provide a much more comprehen-
sive assessment for mTBI. 

4.1. Analytical validation of iVOMS 

In accordance with our previous research [17,18,27], we conducted 

Table 3 
Convergence measurement validity.   

VOMS target 
distance 
cm 

Algorithm pupil 
movement 
mm 

Spearman’s rho 

mTBI (n = 10) 8.60 0.74 ¡0.92 
(p<.001) *     

Healthy Control (n 
= 10) 

4.77 1.81 ¡0.89 
(p<.001) *     

All (n = 20) 6.69 1.27 ¡0.92 
(p<.001) *     

[*p ≤ 0.01]. 

Table 4 
Eye-tracker outcomes from iVOMS.     

mTBI  
Mean (SD)   Healthy 

Control  
Mean (SD) F P   

SH – Duration (s) 0.03 (0.01) 0.02 (0.01) 3.571 .016 
SH – Mean Velocity (◦/s) 421.38 

(62.94) 
434.63 
(82.03) 

1.630 .187 

SH – Max Velocity (◦/s) 600.27 
(69.91) 

600.10 
(76.20) 

.940 .242 

SH – Distance (◦) 15.29 
(4.61) 

14.81 
(4.73) 

.596 .619 

SV – Duration (s) 0.04 (0.01) 0.03 (0.01) 5.097 .002* 
SV – Mean Velocity (◦/s) 422.18 

(72.39) 
469.98 
(112.59) 

5.480 .002* 

SV – Max Velocity (◦/s) 589.64 
(85.36) 

642.67 
(122.31) 

4.637 .004* 

SV – Distance (◦) 17.13 
(6.55) 

18.06 
(7.54) 

4.637 .004* 

SP – Saccadic Intrusion 
Number 

10.99 
(7.84) 

13.42 
(8.89) 

5.749 .001* 

SP – Saccadic Intrusion 
Duration (s) 

0.04 (0.01) 0.03 (0.01) 1.169 .325 

SP – Saccadic Intrusion 
Mean Velocity (◦/s) 

454.61 
(80.31) 

501.53 
(65.68) 

3.680 .014 

SP – Saccadic Intrusion 
Max Velocity (◦/s) 

549.21 
(103.31) 

691.75 
(57.52) 

1.977 .122 

SP – Saccadic Intrusion 
Distance (◦) 

8.33 (2.02) 9.05 (1.90) 2.540 .060 

SP – Duration (s) 1.48 (1.06) 1.19 (0.51) 1.439 .236 
SP – Mean Velocity (◦/s) 22.34 

(5.31) 
25.58 
(3.99) 

5.630 .001* 

SP - Max Velocity (◦/s) 85.64 
(14.06) 

91.61 
(5.73) 

5.283 .002* 

SP – Distance (◦) 35.23 
(33.75) 

31.49 
(16.75) 

.320 .811 

VORH – Saccadic 
Intrusion Number 

13.00 
(6.76) 

14.54 
(9.36) 

1.054 .372 

VORH – Saccadic 
Intrusion Duration (s) 

0.04 (0.02) 0.05 (0.02) 1.345 .264 

VORH – Saccadic 
Intrusion Mean 
Velocity (◦/s) 

320.20 
(95.38) 

422.56 
(126.32) 

8.996 <0.001* 

VORH – Saccadic 
Intrusion Max Velocity 
(◦/s) 

494.20 
(144.45) 

631. 98 
(165.05) 

8.389 <0.001* 

VORH – Saccadic 
Intrusion Distance (◦) 

9.48 (3.05) 15.11 
(7.93) 

10.559 <0.001* 

VORH - Gain − 0.01 
(0.19) 

0.00 (0.12) .837 .477 

VORV – Saccadic 
Intrusion Number 

10.67 
(6.16) 

17.26 
(10.16) 

7.280 <0.001* 

VORV – Saccadic 
Intrusion Duration (s) 

0.03 (0.01) 0.03 (0.01) 1.837 .145 

VORV – Saccadic 
Intrusion Mean 
Velocity (◦/s) 

353.12 
(96.13) 

356.03 
(68.21) 

.343 .794 

VORV – Saccadic 
Intrusion Max Velocity 
(◦/s) 

457.80 
(128.77) 

480.37 
(103.16) 

.401 .753 

VORV – Saccadic 
Intrusion Distance (◦) 

9.85 (3.28) 12.02 
(4.74) 

3.475 .019 

VORV - Gain − 0.01 
(0.12) 

0.02 (0.09) .785 .505 

VMS – Saccadic Intrusion 
Number 

26.66 
(16.33) 

29.55 
(20.35) 

3.604 .016 

VMS – Saccadic Intrusion 
Duration (s) 

0.03 (0.01) 0.04 (0.02) 4.524 .005* 

VMS – Saccadic Intrusion 
Mean Velocity (◦/s) 

354.84 
(58.32) 

401.71 
(63.44) 

6.171 <0.001* 

VMS – Saccadic Intrusion 
Max Velocity (◦/s) 

453.33 
(90.76) 

555.19 
(103.58) 

10.046 <0.001* 

VMS – Saccadic Intrusion 
Distance (◦) 

10.41 
(2.56) 

11.36 
(2.20) 

1.390 .250 

VMS - Gain 0.08 (0.23) 0.01 (0.13) 1.786 .154 
Convergence – Timing (s) 0.20 (0.18) 0.24 (0.20) .998 .396 

(continued on next page) 
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a comparison of algorithmic output to frame-by-frame manual video 
inspection by an expert rater to validate the data analysis process. The 
purpose was to determine the robustness of the iVOMS algorithms for 
eye-tracker accuracy in both individuals with mTBI and healthy controls 
who performed identical VOMS eye movement tasks. The same fixed 
algorithms (and settings) were used for both groups and were then 
compared to manual visual inspection. Our findings showed that the 
iVOMS algorithms were robust, with good (ICC >0.85–0.9) to excellent 
(ICC >0.9) agreement for eye movement detection, including saccadic, 
smooth pursuit, VOR and VMS tests. Eye movement and ruler measured 
viewing distance during convergence also had excellent correlation 

(Spearman’s rho >0.9) as well. This level of accuracy using 
velocity-based algorithms for eye movement event detection is consis-
tent with our previous work in mTBI and other neurological groups [16, 
25,31,32]. The agreement between the ground truth manual video in-
spection (or ruler measurement for convergence) and the algorithms was 
similar across the mTBI and control groups during all of the VOMS 
testing, indicating that the algorithms were robust in detecting eye 
movement events in both groups and across conditions. 

4.2. Clinical validation of iVOMS 

Initial clinical validation of iVOMS was shown through the signifi-
cant differences in some objectively measured eye movement outcomes 
between mTBI and healthy controls during the iVOMS. Results are in 
line with literature that has shown impairment in saccadic, smooth 
pursuit and other eye movements in those with mTBI (from acute to 
chronic) compared to controls [16]. Specifically, for the iVOMS core 
outcomes, people with mTBI had significantly slower, longer, and 
shorter vertical saccades, slower smooth pursuits and longer duration 
convergence eye movements compared to controls. Saccades and 
smooth pursuit eye movements have been extensively studied and def-
icits have been recorded on strictly controlled tasks, with many digital 
technologies developed to objectively assess these eye movements (e.g., 
Right Eye, Sync Think, Eye Box etc.) [33–36]. However, this is the first 
study to show that instrumenting objective eye movement assessment 
using a mobile eye-tracker is possible during a standard clinical exam-
ination, which reduces patient burden (i.e., reduced time of assessment, 
only complete a single set of tasks, comfortable equipment without 
complex computerised tasks to complete). 

Convergence is the only element of the standard clinical VOMS 
assessment that provides a quantitative outcome rather than subjective 
self-reported symptoms (e.g., ruler measured distance of target to nose). 
Consistent with previous research, convergence eye movements were 
significantly impaired in our mTBI cohort compared to controls on 
clinical VOMS measurement (i.e., >5 cm from nose to target in mTBI) 
[37]. However, there was only a trend for reduced eye movement dis-
tance in eye-tracker measured convergence distance data. Nevertheless, 
eye-tracker data showed that convergence measurement was signifi-
cantly longer in mTBI, which would not be possible to measure accu-
rately without eye-tracking technology (i.e., the start of eye movement 
to the end of convergence movement). Our findings highlight that 
objective monitoring with a mobile eye-tracker may provide insight into 
subtle deficits that are not usually observed during VOMS assessment in 
mTBI, which could be a useful addition to traditional clinical 
examination. 

Most group differences related to saccadic intrusions (eye movement 
errors) during smooth pursuit, horizontal and vertical VOR, and VMS 
tests. Previous studies have reported that error rates on attentional in-
hibition tasks and saccadic intrusions during strictly controlled smooth 
pursuit tasks (i.e., virtual reality headset or rotary chair tasks) can be 
greater in mTBI compared to control [38]. This suggests we should 
expect to see a greater number of saccadic intrusion (errors in perfor-
mance) in our mTBI results [39]. In contrast, our results support findings 
of greater motor inhibitory control mechanisms in acute and chronic 
mTBI compared to controls [40–42], as we unexpectedly found that 
there were significantly less saccadic intrusions in mTBI during smooth 
pursuits and vertical VOR tasks compared to controls. This may indicate 
more conservative task performance in mTBI with greater inhibition (i. 
e., controls completed smooth pursuits quicker than mTBI and did not 
need to devote task focus, unlike mTBI). This is further supported by 
mTBI saccadic intrusions being smaller and slower than the controls. 
Stricter control of eye movements during the prescribed tasks may be 
related to those with mTBI attempting to hide symptoms or deficits, 
which has been shown to occur in various mTBI cohorts [43–45]. 

We observed a lack of significant relationships between subjective 
self-reported VOMS symptom scores (total score), SCAT5 symptom 

Table 4 (continued )    

mTBI  
Mean (SD)   Healthy 

Control  
Mean (SD) F P   

Convergence – Duration 
(s) 

7.37 (2.04) 3.77 (1.56) 36.486 <0.001* 

Convergence – Mean 
Velocity (mm/s) 

0.14 (0.07) 0.20 (0.13) 2.681 .050 

Convergence – Max 
Velocity (mm/s) 

4.77 (1.83) 4.95 (2.19) .530 .663 

Convergence – Distance 
(mm) 

1.00 (0.52) 0.75 (0.56) 3.255 .024 

[*p ≤ 0.01, SH = Saccades horizontal, SV = Saccades Vertical, SP = Smooth 
Pursuit, VORH = Vestibular ocular Reflex Horizontal, VORV = Vestibular Ocular 
Reflex Vertical, VMS = Visual Motion Sensitivity]. 

Table 5 
Relationship between self-reported symptoms during VOMS and iVOMS out-
comes in mTBI.  

iVOMS outcomes impacted by mTBI VOMS total symptoms score correlation 
– r (p) 

SP – Saccadic Intrusion Saccade Number 
(◦/s) 

− 0.172 (0.148) 

SP – Mean Velocity (◦/s) 0.10 (0.384) 
VORH – Saccadic Intrusion Mean 

Velocity (◦/s) 
− 0.05 (0.688) 

VORH – Saccadic Intrusion Max Velocity 
(◦/s) 

0.05 (0.673) 

VORH – Saccadic Intrusion Distance (◦) − 0.00 (0.976) 
VORV – Saccadic Intrusion Number − 0.25 (0.035) 
VMS – Saccadic Intrusion Mean Velocity 

(◦/s) 
− 0.05 (0.669) 

VMS – Saccadic Intrusion Max Velocity 
(◦/s) 

− 0.12 (0.311) 

Convergence – Duration (s) − 0.07 (0.582) 

[*p ≤ 0.01, SH = Saccades horizontal, SV = Saccades Vertical, SP = Smooth 
Pursuit, VORH = Vestibular ocular Reflex Horizontal, VORV = Vestibular Ocular 
Reflex Vertical, VMS = Visual Motion Sensitivity]. 

Table 6 
Relationship between SCAT5 Symptom score and significant iVOMS eye 
tracking outcomes in mTBI group.  

iVOMS outcomes impacted by mTBI Pearson’s correlation - r (p) 

SP – Saccadic Intrusion Saccade Number (◦/s) .037 (0.762) 
SP – Mean Velocity (◦/s) .244 (0.040) 
VORH – Saccadic Intrusion Mean Velocity (◦/s) − 0.070 (0.585) 
VORH – Saccadic Intrusion Max Velocity (◦/s) − 0.017 (0.896) 
VORH – Saccadic Intrusion Distance (◦) − 0.113 (0.374) 
VORV – Saccadic Intrusion Number .073 (0.572) 
VMS – Saccadic Intrusion Mean Velocity (◦/s) − 0.165 (0.167) 
VMS – Saccadic Intrusion Max Velocity (◦/s) − 0.129 (0.279) 
Convergence – Duration (s) .133 (0.252) 

[*p ≤ 0.01, SH = Saccades horizontal, SV = Saccades Vertical, SP = Smooth 
Pursuit, VORH = Vestibular ocular Reflex Horizontal, VORV = Vestibular Ocular 
Reflex Vertical, VMS = Visual Motion Sensitivity]. 
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scores (total score), and the objectively measured iVOMS outcomes. 
While the VOMS (and SCAT5) provide information of subjective self- 
reported symptoms, they do not provide objective measures of eye 
movements. Therefore, we do not know whether impairment of eye 
movements during the VOMS actually lead to the symptoms reported. 
The lack of correlation needs to be examined within future studies, but 
likely relates to symptom resolution and physiological deficit resolution 
being distinct within mTBI, with the VOMS self-reported symptoms 
potentially not reflecting performance on the vestibular/ocular tests 
being conducted. It is likely that iVOMS deficits may not relate to self- 
reported symptoms due to other underlying physiological problems 
interfering with symptomology that cannot be directly measured, such 
as autonomic or somatic dysfunction [46]. Furthermore, previous 
studies have shown that even when self-reported symptoms following 
mTBI are reportedly resolved, patients often still have physiological is-
sues. For example, patients that have self-reported symptom resolution 
may return to usual activities, but are at high risk of secondary mTBI, 
musculoskeletal injury or have persistent sensory, motor, or cognitive 
issues, which highlights that underlying neuro-physiology is not recov-
ered [47–50]. Additionally, there are known limitations of self-reported 
symptoms in mTBI that impact on the interpretation. Indeed, some in-
dividuals may hold misconceptions of their abilities prior to their mTBI, 
leading to exaggerated symptom reporting [12,51], and others may not 
accurately report their symptoms to clinicians, as they feel pressure to 
down-play their symptoms [12,51]. 

Ultimately, reliance on self-reported symptoms alone for diagnosis 
and monitoring of mTBI recovery may miss underlying physiological 
issues that could become persistent clinical conditions. Objective mea-
sures may provide a more accurate reflection of physiological perfor-
mance (i.e., the task being performed) and could provide informative 
data that compliments traditional VOMS self-report symptoms (i.e., the 
perception of symptoms during the task). The iVOMS is unique in that 
the objective (iVOMS) and subjective (VOMS) assessment is performed 
simultaneously, which may provide novel insights into symptom and 
physiological recovery within a single clinical assessment (i.e., reducing 
patient and test burden). 

4.3. Study limitations 

There are several limitations in the current study. This study was an 
add-on to a larger clinical trial in mTBI [19], and therefore did not have 
a formal sample size calculation, regardless this is one of the largest 
studies of eye-tracking in an mTBI cohort [16]. Within the protocol, we 
did not conduct a comprehensive ophthalmological or cognitive 
assessment of the groups, which would provide further insights into the 
multifaceted symptomology and iVOMS performance [16,52]. Another 
limitation was baseline demographic differences in our control cohort, a 
sample of convenience. To mitigate this limitation, we controlled for 
these differences in our statistical analysis, as they have been found to 
influence mTBI severity and eye-tracking results [53–56]. Furthermore, 
there may be other confounders that we did not consider (e.g., 
ophthalmic, vestibular or cognitive function, motion sickness, etc.). 
Additionally, due to the age range used (18+ years old) the findings 
cannot be generalised to paediatric patients. It was beyond the scope of 
this initial validation study to perform extensive analysis on the iVOMS 
outcomes to determine their sensitivity to differentiate mTBI from 
controls compared to the VOMS subjective symptom scores, or to 
determine the most sensitive iVOMS outcome measure for differenti-
ating groups (e.g., through Receiver operator curves or logistic regres-
sion). However now that this initial validation study has shown 
analytical validation of eye-tracking outcomes and some significantly 
different between group iVOMS outcomes, future studies could further 
investigate these aspects. Another limitation in our analysis is that we 
did not control for multiple comparisons. However, considering the 
exploratory nature of this study, we chose to rather restrict the alpha 
value in order to avoid discounting actual findings due to sample size or 

number of comparisons being made [57–59]. Future studies that are 
specifically powered for multiple comparisons could apply such 
methods. Finally, the study setting was in a laboratory, rather than a 
clinic, the testing could easily be performed in any environment, and 
this could be explored in future work. 

5. Conclusions 

This is the first study to use a mobile eye-tracker to instrument the 
VOMS and validate algorithmic assessment of eye movement detection 
during each of the tests in both mTBI and healthy individuals. The 
findings showed that the iVOMS was able to find significant differences 
between healthy controls and those with mTBI in some key measure-
ments, but outcomes did not relate to self-reported symptom scores. The 
iVOMS provided insight into eye movement features that were not 
observed in the clinical VOMS, and therefore, it may provide additional 
data to assist with diagnosis or injury recovery tracking. Future research 
is needed to test the sensitivity and robustness of the iVOMS outcome 
measures across different mTBI cohorts or response to interventions, 
which is a necessary precursor to establishing a clinically meaningful 
change or threshold. 
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[1] Lefevre-Dognin C, Cogné M, Perdrieau V, Granger A, Heslot C, Azouvi P. Definition 
and epidemiology of mild traumatic brain injury. Neurochirurgie 2021;67(3): 
218–21. https://doi.org/10.1016/j.neuchi.2020.02.002 [published Online First: 
Epub Date]|. 

[2] Foss L., Belli A., Brody D., et al. Setting a national consensus for managing mild and 
blast traumatic brain injury: post-meeting consensus report. 2020. 

[3] De Kruijk J, Twijnstra A, Leffers P. Diagnostic criteria and differential diagnosis of 
mild traumatic brain injury. Brain Inj 2001;15(2):99–106. 

[4] Heitger MH, Jones RD, Macleod AD, Snell DL, Frampton CM, Anderson TJ. 
Impaired eye movements in post-concussion syndrome indicate suboptimal brain 
function beyond the influence of depression, malingering or intellectual ability. 
Brain 2009;132(10):2850–70. https://doi.org/10.1093/brain/awp181 [published 
Online First: Epub Date]|. 

[5] Echemendia RJ, Meeuwisse W, McCrory P, et al. The sport concussion assessment 
tool 5th Edition (SCAT5): background and rationale. Br J Sports Med 2017;51(11): 
848. https://doi.org/10.1136/bjsports-2017-097506 [published Online First: Epub 
Date]|. 

[6] King NS, Crawford S, Wenden FJ, Moss NEG, Wade DT. The rivermead post 
concussion symptoms questionnaire: a measure of symptoms commonly 
experienced after head injury and its reliability. J Neurol 1995;242(9):587–92. 
https://doi.org/10.1007/BF00868811 [published Online First: Epub Date]|. 

[7] Armstrong RA. Visual problems associated with traumatic brain injury. Clin Exp 
Optom 2018;101(6):716–26. https://doi.org/10.1111/cxo.12670 [published 
Online First: Epub Date]|. 

[8] Debacker J, Ventura R, Galetta SL, Balcer LJ, Rucker JC. Chapter 15–Neuro- 
ophthalmologic disorders following concussion. In: Hainline B, Stern RA, eds.. 
Handbook of clinical neurology. Elsevier; 2018. p. 145–52. 

[9] Ventura RE, Balcer LJ, Galetta SL, Rucker JC. Ocular motor assessment in 
concussion: current status and future directions. J Neurol Sci 2016;361:79–86. 
https://doi.org/10.1016/j.jns.2015.12.010 [published Online First: Epub Date]|. 

[10] Mucha A, Collins MW, Elbin R, et al. A brief vestibular/ocular motor screening 
(VOMS) assessment to evaluate concussions: preliminary findings. Am J Sports 
Med 2014;42(10):2479–86. 

[11] Dever A, Powell D, Graham L, et al. Gait impairment in traumatic brain injury: a 
systematic review. Sensors 2022;22(4). https://doi.org/10.3390/s22041480 
(Basel)[published Online First: Epub Date]|. 

[12] Kroshus E, Garnett B, Hawrilenko M, Baugh CM, Calzo JP. Concussion under- 
reporting and pressure from coaches, teammates, fans, and parents. Soc Sci Med 
2015;134:66–75. https://doi.org/10.1016/j.socscimed.2015.04.011 [published 
Online First: Epub Date]|. 

[13] Rawlins MLW, Suggs DW, Bierema L, Miller LS, Reifsteck F, Schmidt JD. 
Examination of collegiate student-athlete concussion reporting intentions and 
behavior. J Clin Transl Res 2020;5(4):186–96. 

[14] Powell D, Stuart S, Godfrey A. Sports related concussion: an emerging era in digital 
sports technology. npj Digit Med 2021;4(1):164. https://doi.org/10.1038/s41746- 
021-00538-w [published Online First: Epub Date]|. 

[15] Mani R, Asper L, Khuu SK. Deficits in saccades and smooth-pursuit eye movements 
in adults with traumatic brain injury: a systematic review and meta-analysis. Brain 
Inj 2018;32(11):1315–36. https://doi.org/10.1080/02699052.2018.1483030 
[published Online First: Epub Date]|. 

[16] Stuart S, Parrington L, Martini D, Peterka R, Chesnutt J, King L. The measurement 
of eye movements in mild traumatic brain injury: a structured review of an 
emerging area. Front Sports Active Living 2020;2. https://doi.org/10.3389/ 
fspor.2020.00005 [published Online First: Epub Date]|. 

[17] Quantifying saccades while walking: validity of a novel velocity-based algorithm 
for mobile eye tracking. In: Proceedings of the annual international conference of 
the IEEE engineering in medicine and biology society. IEEE; 2014. IEEE 
engineering in medicine and biology society. annual conference. 

[18] Stuart S, Hickey A, Galna B, Lord S, Rochester L, Godfrey A. iTrack: instrumented 
mobile electrooculography (EOG) eye-tracking in older adults and Parkinson’s 
disease. Physiol Meas 2016;38(1):N16. 

[19] Parrington L, Jehu DA, Fino PC, et al. The sensor technology and rehabilitative 
timing (START) protocol: a randomized controlled trial for the rehabilitation of 
mild traumatic brain injury. Phys Ther 2020;100(4):687–97. https://doi.org/ 
10.1093/ptj/pzaa007 [published Online First: Epub Date]|. 

[20] Powell D, Stuart S, Godfrey A. Wearables in rugby union: a protocol for multimodal 
digital sports-related concussion assessment. PLoS ONE 2021;16(12):e0261616. 
https://doi.org/10.1371/journal.pone.0261616 [published Online First: Epub 
Date]|. 

[21] US Department of Veteran Affairs, VA/DoD clinical practice guidelines: 
management of concussion-mild traumatic brain injury (mTBI). http://www.hea 
lthquality.va.gov/management_of_concussion_mtbi.asp 2009. 

[22] Stuart S, Parrington L, Martini D, Popa B, Fino PC, King LA. Validation of a 
velocity-based algorithm to quantify saccades during walking and turning in mild 
traumatic brain injury and healthy controls. Physiol Meas 2019;40(4):044006. 
https://doi.org/10.1088/1361-6579/ab159d [published Online First: Epub Date]|. 

[23] Kontos AP, Sufrinko A, Elbin R, Puskar A, Collins MW. Reliability and associated 
risk factors for performance on the vestibular/ocular motor screening (VOMS) tool 
in healthy collegiate athletes. Am J Sports Med 2016;44(6):1400–6. 

[24] Moran A, Campbell M, Ranieri D. Implications of eye tracking technology for 
applied sport psychology. J Sport Psychol Action 2018;9(4):249–59. https://doi. 
org/10.1080/21520704.2018.1511660 [published Online First: Epub Date]|. 

[25] Quantifying saccades while walking: validity of a novel velocity-based algorithm 
for mobile eye tracking. In: Proceedings of the 36th annual international 
conference of the IEEE engineering in medicine and biology society; 2014. 
p. 26–30. Aug. 2014. 

[26] Stuart S, Alcock L, Godfrey A, Lord S, Rochester L, Galna B. Accuracy and re-test 
reliability of mobile eye-tracking in Parkinson’s disease and older adults. Med Eng 
Phys 2016;38(3):308–15. https://doi.org/10.1016/j.medengphy.2015.12.001 
[published Online First: Epub Date]|. 

[27] Pedrotti M, Lei S, Dzaack J, Rötting M. A data-driven algorithm for offline pupil 
signal preprocessing and eyeblink detection in low-speed eye-tracking protocols. 
Behav Res Methods 2011;43(2):372–83. 

[28] Field A. Discopering statistics using SPSS. 3rd ed. London: Sage; 2009. ed. 
[29] Chen SY, Feng Z, Yi X. A general introduction to adjustment for multiple 

comparisons. J Thorac Dis 2017;9(6):1725–9. https://doi.org/10.21037/ 
jtd.2017.05.34 [published Online First: Epub Date]|. 

[30] Jafari M, Ansari-Pour N. Why, when and how to adjust your P values? Cell J 2019; 
20(4):604–7. https://doi.org/10.22074/cellj.2019.5992 [published Online First: 
Epub Date]|. 

[31] Stuart S, Lawson RA, Yarnall AJ, et al. Pro-saccades predict cognitive decline in 
Parkinson’s disease: ICICLE-PD. Mov Disord 2019;34(11):1690–8. https://doi.org/ 
10.1002/mds.27813 [published Online First: Epub Date]|. 

[32] Crutcher MD, Calhoun-Haney R, Manzanares CM, Lah JJ, Levey AI, Zola SM. Eye 
tracking during a visual paired comparison task as a predictor of early dementia. 
Am J Alzheimer’s Dis Other Dement® 2009;24(3):258–66. https://doi.org/ 
10.1177/1533317509332093 [published Online First: Epub Date]|. 

[33] Maruta J, Suh M, Niogi SN, Mukherjee P, Ghajar J. Visual tracking synchronization 
as a metric for concussion screening. J Head Trauma Rehabil 2010;25(4):293–305. 
https://doi.org/10.1097/HTR.0b013e3181e67936 [published Online First: Epub 
Date]|. 

[34] Maruta J, Jaw E, Modera P, Rajashekar U, Spielman LA, Ghajar J. Frequency 
responses to visual tracking stimuli may be affected by concussion. Mil Med 2017; 
182(suppl_1):120–3. https://doi.org/10.7205/milmed-d-16-00093 [published 
Online First: Epub Date]|. 

[35] Maruta J., Ghajar J. Detecting eye movement abnormalities from concussion. 2014 
doi: 10.1159/000358786[published Online First: Epub Date]|. 

[36] Fuerst RODF. 4 ways to use eye tracking in your practice. Optom Times 2019;11 
(4):24–5. 

[37] Santo AL, Race ML, Teel EF. Near point of convergence deficits and treatment 
following concussion: a systematic review. J Sport Rehabil 2020;29(8):1179–93. 
https://doi.org/10.1123/jsr.2019-0428 [published Online First: Epub Date]|. 

[38] McDonald MA, Holdsworth SJ, Danesh-Meyer HV. Eye movements in mild 
traumatic brain injury: ocular biomarkers. J Eye Mov Res 2022;15(2). https://doi. 
org/10.16910/jemr.15.2.4 [published Online First: Epub Date]|. 

[39] Snegireva N, Derman W, Patricios J, Welman K. Eye tracking technology in sports- 
related concussion: a systematic review and meta-analysis. Physiol Meas 2018;39 
(12):12TR01. 

[40] Yasen AL, Lim MM, Weymann KB, Christie AD. Excitability, inhibition, and 
neurotransmitter levels in the motor cortex of symptomatic and asymptomatic 
individuals following mild traumatic brain injury. Front Neurol 2020;11. https:// 
doi.org/10.3389/fneur.2020.00683 [published Online First: Epub Date]|. 

L. Graham et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.neuchi.2020.02.002
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0003
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0003
https://doi.org/10.1093/brain/awp181
https://doi.org/10.1136/bjsports-2017-097506
https://doi.org/10.1007/BF00868811
https://doi.org/10.1111/cxo.12670
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0008
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0008
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0008
https://doi.org/10.1016/j.jns.2015.12.010
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0010
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0010
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0010
https://doi.org/10.3390/s22041480
https://doi.org/10.1016/j.socscimed.2015.04.011
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0014
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0014
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0014
https://doi.org/10.1038/s41746-021-00538-w
https://doi.org/10.1038/s41746-021-00538-w
https://doi.org/10.1080/02699052.2018.1483030
https://doi.org/10.3389/fspor.2020.00005
https://doi.org/10.3389/fspor.2020.00005
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0018
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0018
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0018
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0018
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0019
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0019
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0019
https://doi.org/10.1093/ptj/pzaa007
https://doi.org/10.1093/ptj/pzaa007
https://doi.org/10.1371/journal.pone.0261616
http://www.healthquality.va.gov/management_of_concussion_mtbi.asp
http://www.healthquality.va.gov/management_of_concussion_mtbi.asp
https://doi.org/10.1088/1361-6579/ab159d
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0024
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0024
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0024
https://doi.org/10.1080/21520704.2018.1511660
https://doi.org/10.1080/21520704.2018.1511660
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0026
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0026
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0026
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0026
https://doi.org/10.1016/j.medengphy.2015.12.001
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0028
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0028
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0028
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0029
https://doi.org/10.21037/jtd.2017.05.34
https://doi.org/10.21037/jtd.2017.05.34
https://doi.org/10.22074/cellj.2019.5992
https://doi.org/10.1002/mds.27813
https://doi.org/10.1002/mds.27813
https://doi.org/10.1177/1533317509332093
https://doi.org/10.1177/1533317509332093
https://doi.org/10.1097/HTR.0b013e3181e67936
https://doi.org/10.7205/milmed-d-16-00093
http://10.1159/000358786
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0037
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0037
https://doi.org/10.1123/jsr.2019-0428
https://doi.org/10.16910/jemr.15.2.4
https://doi.org/10.16910/jemr.15.2.4
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0040
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0040
http://refhub.elsevier.com/S1350-4533(24)00081-X/sbref0040
https://doi.org/10.3389/fneur.2020.00683
https://doi.org/10.3389/fneur.2020.00683


Medical Engineering and Physics 129 (2024) 104180

9

[41] Miller NR, Yasen AL, Maynard LF, Chou LS, Howell DR, Christie AD. Acute and 
longitudinal changes in motor cortex function following mild traumatic brain 
injury. Brain Inj 2014;28(10):1270–6. https://doi.org/10.3109/ 
02699052.2014.915987 [published Online First: Epub Date]|. 

[42] De Beaumont L, Lassonde M, Leclerc S, Théoret H. Long-term and cumulative 
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