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ABSTRACT 

Significance: Automated eye tracking could be used to evaluate saccade performance of patients 

with concussion history, providing quantitative insights about the degree of oculomotor 

impairment and potential vision rehabilitation strategies for this patient population. Purpose: To 

evaluate the saccade performance of patients with concussion history based on automated eye-

tracking test results. Methods: We conducted a retrospective study of patients with concussion 

history, primarily from sports participation, who underwent oculomotor testing based on an eye-

tracking technology at the Duke Eye Center vision rehabilitation clinic between June 30, 2017 

and January 10, 2022. Patients’ saccade test results were reviewed, including saccade fixation 

and saccade speed/accuracy ratio. The outcomes were compared with age-matched normative 

population data derived from healthy individuals. Multiple linear regression analyses were 

performed to identify factors associated with saccade performance among patients with 

concussion history. Results: 115 patients with concussion history were included in the study. 

Patients with concussion on average had fewer fixations on self-paced horizontal and vertical 

saccade tests and lower horizontal and vertical saccade speed/accuracy ratios compared with 

normative ranges. Among patients with concussion history, multiple linear regression analyses 

showed that older age was associated with fewer fixations on horizontal and vertical saccade 

tests, while male sex was associated with more fixations on horizontal and vertical saccade tests 

(all P<.01). Additionally, older age was associated with lower horizontal saccade speed/accuracy 

ratio, after adjusting for sex, number of concussion(s), and time from most recent concussion to 

oculomotor testing (P<.001). Conclusions: Patients with concussion history had lower saccade 

performance based on eye tracking compared with healthy individuals. We additionally 

identified risk factors for lower saccade performance among patients with concussion history. 
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These findings support the use of saccade test results as biomarkers for concussion and have 

implications for post-concussion rehabilitation strategies. 
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Data from the United States Centers for Disease Control and Prevention (CDC) have indicated 

that each year, approximately 2.07 million Americans are treated and released from an 

emergency department as a consequence of traumatic brain injury (TBI).
1
 Furthermore, 

worldwide it is estimated that 50-60 million new TBI cases occur annually.
2
 Sport-related 

concussions, in particular, have created controversy due to the reported association with late 

cognitive decline, second impact syndrome, and chronic traumatic encephalopathy.
3,4

 After TBI, 

the damage does not always remain static or improve; in fact, studies have shown that up to 50% 

of patients can have late deterioration visualized by progressive changes on advanced 

neuroimaging.
5
 To make matters more complicated, the detection of sport-related concussion and 

TBI is difficult as symptoms can be transient and subtle, and visual-motor performance is 

critically important in sports as seen in numerous studies.
6–15

 

 

A battery of tests has been developed and employed in the diagnosis of TBI, including the King-

Devick test, the Vestibular Ocular Motor Screening test, cognition testing, sleep studies, and 

even functional magnetic resonance imaging with specific attention to the frontal eye fields and 

cerebellar vermis.
16

 The King-Devick test and the Vestibular Ocular Motor Screening test both 

highlight the importance of ocular movement for detection of TBI. The King-Devick test utilizes 

spaced target objects placed on a card for examinees to read aloud in rapid succession to test 

their speed of saccadic movement, attention, and language.
17

 The Vestibular Ocular Motor 

Screening test also utilizes ocular movement by having patients complete a series of saccades 

under a set time as well as vestibular-ocular reflex (doll’s head) maneuvers.
18

 Patients with TBI 

were found to have changes in eye movements on these tests.
19,20
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Given the sensitivity and importance of ocular movement in the evaluation of TBI and sport-

related concussion, there has been an innovation boom in eye-tracking technology such as 

Eyelink (SR Research LTD), Pupil Labs (Pupil Labs GmbH), Eyeguide Focus (Eyeguide, Inc), 

and RightEye (RightEye LLC).
21

 These technologies track eye movements in multiple ways 

including monocular accessories, binocular headsets and advanced cameras.
22

 Multiple studies 

have used eye-tracking technologies to investigate oculomotor deficits in TBI.
23–29

 Given that 

saccade performance has been linked with cognitive abilities,
30

 the purpose of this study was to 

utilize the RightEye equipment to accurately and consistently evaluate the saccade performance 

of patients with concussion history. Specifically, we used the RightEye technology to assess 

saccade accuracy and speed to further characterize the differences in patients with concussion 

history compared with normative ranges, allowing for more descriptive and objective data on 

saccade performance, compared with tests requiring number or image recognition. Findings from 

this study may have implications for rehabilitation strategies for patients suffering from 

symptoms after concussion, for whom vision rehabilitation has been shown to improve 

outcomes.
31

 

 

METHODS 

Study Design 

A retrospective study of patients with a history of concussion who underwent oculomotor testing 

at the Duke Eye Center vision rehabilitation clinic between June 30, 2017 and January 10, 2022 

was conducted. Patients with an established history of oculomotor impairment or uncorrectable 

visual impairment prior to testing were excluded. This research was reviewed by an independent 
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ethical review board and conforms with the principles and applicable guidelines for the 

protection of human subjects in biomedical research. 

 

Data Collection 

Study patients’ saccade test results were retrospectively reviewed in the RightEye software 

(RightEye, LLC., Bethesda, MD, USA). RightEye is a commercially available, validated ocular 

sensorimotor testing platform using automated eye-tracking technology.
32

 We extracted fixation 

number and speed/accuracy ratio results from horizontal and vertical saccade tests for both eyes 

of each participant. Figure 1 shows the RightEye system. The RightEye horizontal and vertical 

saccade tests have been previously described.
23

 The angular subtense of the targets used in the 

saccade tests was 20º (10º in each direction from the center). The accuracy of the eye tracker was 

0.4º (standard deviation: 0.1º). Fixation was defined as dispersion of <0.25º for 100 ms. Fixation 

number was defined as the total number of gaze fixations that occurred during a saccade test, 

including on-target, overshot, and undershot fixations. RightEye can distinguish between on-

target, overshot, and undershot fixations. Speed/accuracy ratio was defined as the ratio of 

saccade velocity over accuracy. Accuracy was measured by the distance from a participant’s 

fixation point to the target stimulus, so shorter distances represented greater accuracy. In turn, 

high speed/accuracy ratio values suggest better performance.
23

 Additionally, the date of the 

patient’s most recent concussion, total number of concussion(s), age, and sex were collected 

from the electronic medical record. 
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Statistical Methods 

The primary outcomes were the saccade test results, including fixation numbers on horizontal 

and vertical saccade tests, horizontal saccade speed/accuracy ratio, and vertical saccade 

speed/accuracy ratio. These outcomes were compared with age-matched normative population 

data provided by RightEye, which measured the test performance of healthy individuals across 

various age groups.
33

 Hypothesis testing was not performed as our study was exploratory in 

nature. Multiple linear regression analyses were performed to identify factors associated with 

each of the saccade test outcomes. Variables included in the regression analyses were time from 

most recent concussion, number of concussion(s), age, and sex. For each analysis, assumptions 

of linear regression were evaluated with residuals vs. fitted values, normal Q-Q, scale-location, 

and residuals vs. leverage plots. The threshold for statistical significance was set at α=0.05 for 

two-sided tests. Statistical analysis was performed in R (version 4.1.2) with RStudio (version 

1.4.1103). 

 

RESULTS 

A total of 178 patients underwent oculomotor testing during the study period. We excluded 3 

patients who were missing saccade test results, 53 patients with an established history of 

oculomotor impairment or uncorrectable visual impairment prior to testing, and 7 patients due to 

lack of documented concussion history in available medical records, yielding a final cohort of 

115 patients. Table 1 describes the demographic and clinical characteristics of the included 

patients. The most common mechanism of injury was sports participation (58.3%), followed by 

motor vehicle accident (25.2%), and other mechanisms (16.5%). 
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Saccade Performance of Patients with Concussion History vs. Normative Ranges 

Figure 2 compares the saccade performance of our study patients against age-matched normative 

population data provided by RightEye. Compared with normative ranges, patients with 

concussion history on average had fewer fixations on the horizontal and vertical saccade tests in 

each eye. On average, patients also had lower horizontal and vertical saccade speed/accuracy 

ratios. 

 

Factors Associated with Saccade Performance among Patients with Concussion History 

Among the study patients, multiple linear regression analysis showed that older age was 

associated with fewer fixations on the horizontal saccade test, while male sex was associated 

with more fixations on the horizontal saccade test in both eyes after adjusting for the number of 

concussion(s) and time from most recent concussion to oculomotor testing (Table 2). 

 

Similarly, older age was associated with fewer fixations on the vertical saccade test, while male 

sex was associated with more fixations on the vertical saccade test (Table 3). The number of 

concussion(s) was also associated with more fixations on the vertical saccade test, after adjusting 

for age, sex, and time from most recent concussion to oculomotor testing. 

 

Regarding horizontal saccade speed/accuracy ratio, older age was associated with lower ratios in 

both eyes, after adjusting for sex, number of concussion(s), and time from most recent 

concussion to oculomotor testing (Table 4). None of these factors were associated with vertical 

saccade speed/accuracy ratio. 
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DISCUSSION 

This study evaluated the saccade performance of patients with concussion history based on 

results from automated eye-tracking tests. We found that patients with concussion history had 

fewer fixations and lower speed/accuracy ratios on self-paced horizontal and vertical saccade 

tests compared with normative ranges. Additionally, factors associated with study patients’ 

saccade performance were identified. 

 

Our results showed that fixation performance on horizontal and vertical saccade tests was worse 

for patients with concussion history than for healthy individuals. Previously, several studies have 

reported changes in eye movements in TBI.
19,20,23–29

 Saccade performance has been thought to be 

a useful biomarker for cognitive abilities,
30

 which may be compromised after TBI.
23

 However, 

the literature on mild TBI and more specifically sport-related concussion is limited. Hunfalvay et 

al. used the RightEye technology to assess self-paced saccades in patients with TBI of varying 

severity and found that patients with TBI had fewer fixations than healthy individuals.
23

 Our 

study demonstrated results consistent with prior findings and showed that the findings were 

generalizable to a population of over 100 patients with primarily sports-related concussion 

history. These findings provide further evidence that saccade performance may be a biomarker 

for concussion and concussion sequalae. 

 

Furthermore, increasing age was associated with fewer fixations on the horizontal and vertical 

saccade tests as well as lower horizontal saccade speed/accuracy ratios. The effect of age on 

saccade performance has been studied previously;
34–39

 however, to the best our knowledge, this 

effect has not been studied among individuals with concussion history. Moreover, age groups 
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included in prior studies were largely heterogeneous.
34–39

 Our study included primarily young 

adults (median age: 21 years). Among this population, our findings suggest that the speed of self-

paced saccades likely decreases with age. A previous study examining horizontal saccade 

dynamics across the human life span found that peak saccade velocity decreased gradually after 

age 14 years, while saccade accuracy remained stable between age 20 and 49 years.
37

 Our study 

corroborates these findings in a larger cohort (n=115) and suggests that the same trend may exist 

for vertical saccades. Additionally, our findings have implications for older athletes’ oculomotor 

rehabilitation needs after concussion. 

 

The effect of biological sex on saccade performance is less clear in the literature. Our results 

showed that male sex was associated with more fixations on horizontal and vertical saccade tests 

compared with female sex, but there was no significant association between sex and saccade 

speed/accuracy ratio. These findings suggest that while male patients with concussion history 

had more self-paced saccades, female patients were more accurate at targeting. Sex differences 

in smooth pursuit velocity gain and blink rate during fixation have been previously reported,
39

 

but no study has explored how performance during self-paced saccade tasks may differ with sex. 

One hypothesis that may explain our findings is that different sports have different ratios of male 

to female participants, and different sports encourage differing saccade behaviors.
6,7,40

 This 

hypothesis may also explain the positive association between the number of concussions and the 

number of fixations on the vertical saccade test in this study. However, we unfortunately do not 

have information for our retrospective cohort on the sport associated with each injury. Future 

research may elucidate mechanisms behind these associations. 
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Oculomotor function, including saccade performance, has a critical role in sports performance, 

leading to the growing trends to develop sports vision training programs.
6–15

 Concurrently, sport-

related concussions are highly prevalent among athletes.
41

 As shown in this study, sport-related 

concussions affect saccade performance even long after concussion (median time from 

concussion in our cohort: 169 days). Therefore, athletes experiencing symptoms after concussion 

may benefit especially from sports vision rehabilitation.
31

 Additionally, risk factors for lower 

saccade performance identified in this study including age and sex may help to guide 

personalized rehabilitation plans. 

 

Our study has limitations. First, our study was exploratory, and its results should therefore be 

interpreted as hypothesis-generating and be utilized to guide future research. Importantly, the 

normative population data used in this study do not differentiate athletes from non-athletes: 

sports participation may affect saccade performance.
11,42–44

 Studies with a prospective cohort 

design comparing saccade performance of patients with concussion with appropriately matched 

controls based on both age and sports participation would be important to test the hypotheses 

generated in this study. We also did not have information regarding the types of sports the 

patients played or the concussion symptomatology, which may have implications for saccade 

performance. Additionally, all study patients received oculomotor testing based on an eye-

tracking technology at an academic vision rehabilitation clinic located in North Carolina, 

limiting the generalizability of this study. 

 

Among the strengths of this study are: 1) The use of a state-of-the-art eye-tracking technology 

allowed us to obtain standardized, reliable, and quantitative information on saccade eye 
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movements. 2) Compared with other studies in this area,
19,20,23–29

 our sample of patients with 

concussion history was large (n=115), and the population was relatively young, enriching the 

literature on this population. 3) The adjusted r
2
 values of our multiple linear regression models 

were high for models with only four variables, suggesting that the associations detected had 

meaningful predictive value. 4) While a small number of patients in our study were seen within 

two weeks after concussion, most patients were seen at a timepoint relatively long after the 

concussion event (median days after concussion: 169 [IQR: 61.5, 349.5]). The long follow-up 

period is a unique contribution to the literature.  

 

CONCLUSIONS 

This study showed that patients with a history of concussion had lower saccade performance 

based on eye tracking compared with healthy individuals. We additionally identified risk factors 

for lower saccade performance among patients with concussion history. These findings support 

the use of saccade test results as biomarkers for concussion and have implications for post-

concussion rehabilitation strategies. Future research could explore how the oculomotor 

performance changes over time, which may aid in ‘return-to-play’ decision-making for patients 

with sport-related concussion history. 

Pre
-P

ub
lic

ati
on

Copyright © American Academy of Optometry. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/optvissci by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 12/22/2023



REFERENCES 

1.  Coronado VG, McGuire LC, Faul M, et al. Traumatic Brain Injury Epidemiology and Public 

Health Issues. Berlin, Germany: Springer Publishing Company; 2021. 

2.  World Health Organization (WHO). Neurological Disorders: Public Health Challenges; 

2006. Available at: https://www.who.int/publications/i/item/9789241563369. Accessed May 

10, 2023. 

3.  Byard RW, Vink R. The Second Impact Syndrome. Forensic Sci Med Pathol 2009;5:36-8. 

4.  Lehman EJ, Hein MJ, Baron SL, Gersic CM. Neurodegenerative Causes of Death among 

Retired National Football League Players. Neurology 2012;79:1970-4. 

5.  Newcombe VF, Correia MM, Ledig C, et al. Dynamic Changes in White Matter 

Abnormalities Correlate With Late Improvement and Deterioration Following TBI: A 

Diffusion Tensor Imaging Study. Neurorehabil Neural Repair 2016;30:49-62. 

6.  Kunita K, Fujiwara K. Influence of Sports Experience on Distribution of Pro-Saccade 

Reaction Time under Gap Condition. J Physiol Anthropol 2022;41:4. 

7.  Ceyte H, Lion A, Caudron S, Perrin P, Gauchard GC. Visuo-Oculomotor Skills Related to 

the Visual Demands of Sporting Environments. Exp Brain Res 2017;235:269-77. 

8.  Zwierko T, Jedziniak W, Florkiewicz B, et al. Oculomotor Dynamics in Skilled Soccer 

Players: The Effects of Sport Expertise and Strenuous Physical Effort. Eur J Sport Sci 

2019;19:612-20. 

9.  Zhou J. Differences on Prosaccade Task in Skilled and Less Skilled Female Adolescent 

Soccer Players. Front Psychol 2021;12:711420. 

10.  Piras A, Raffi M, Lanzoni IM, et al. Microsaccades and Prediction of a Motor Act Outcome 

in a Dynamic Sport Situation. Invest Ophthalmol Vis Sci 2015;56:4520-30. 

Pre
-P

ub
lic

ati
on

Copyright © American Academy of Optometry. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/optvissci by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 12/22/2023



11. Liu S, Edmunds FR, Burris K, Appelbaum LG. Visual and Oculomotor Abilities Predict 

Professional Baseball Batting Performance. Int J Perform Anal Sport 2020;20:683-700. 

12. Laby DM, Appelbaum LG. Review: Vision and On-field Performance: A Critical Review of 

Visual Assessment and Training Studies with Athletes. Optom Vis Sci 2021;98:723-31. 

13. Appelbaum LG, Schroeder JE, Cain MS, Mitroff SR. Improved Visual Cognition through 

Stroboscopic Training. Front Psychol 2011;2:276. 

14. Appelbaum LG, Lu Y, Khanna R, Detwiler KR. The Effects of Sports Vision Training on 

Sensorimotor Abilities in Collegiate Softball Athletes. Athl Train Sports Health Care 

2016;8:154-63. 

15. Appelbaum LG, Erickson G. Sports Vision Training: A Review of the State-of-the-Art in 

Digital Training Techniques. Int Rev Sport Exerc Psychol 2018;11:160-89. 

16. Kellar D, Newman S, Pestilli F, et al. Comparing fMRI Activation During Smooth Pursuit 

Eye Movements among Contact Sport Athletes, Non-Contact Sport Athletes, and Non-

Athletes. Neuroimage Clin 2018;18:413-24. 

17. Galetta KM, Barrett J, Allen M, et al. The King-Devick Test as a Determinant of Head 

Trauma and Concussion in Boxers and MMA Fighters. Neurology 2011;76:1456-62. 

18. Yorke AM, Smith L, Babcock M, Alsalaheen B. Validity and Reliability of the 

Vestibular/Ocular Motor Screening and Associations With Common Concussion Screening 

Tools. Sports Health 2017;9:174-80. 

19. Hecimovich M, King D, Dempsey A, et al. In situ Use of the King-Devick Eye Tracking 

Test and Changes Seen with Sport-Related Concussion: Saccadic and Blinks Counts. Phys 

Sportsmed 2019;47:78-84. 

Pre
-P

ub
lic

ati
on

Copyright © American Academy of Optometry. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/optvissci by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 12/22/2023



20. Leong DF, Balcer LJ, Galetta SL, et al. The King-Devick Test for Sideline Concussion 

Screening in Collegiate Football. J Optom 2015;8:131-9. 

21. Macinnes JJ, Iqbal S, Pearson J, Johnson EN. Wearable Eye-Tracking for Research: 

Automated Dynamic Gaze Mapping and Accuracy/Precision Comparisons across Devices. 

bioRxiv 2018:doi.org/10.1101/299925. Available at: 

https://www.biorxiv.org/content/10.1101/299925v1. Accessed November 10, 2023. 

22. Murray NG, Szekely B, Islas A, et al. Smooth Pursuit and Saccades after Sport-Related 

Concussion. J Neurotrauma 2020;37:340-6. 

23. Hunfalvay M, Roberts CM, Murray N, et al. Horizontal and Vertical Self-Paced Saccades as 

a Diagnostic Marker of Traumatic Brain Injury. Concussion 2019;4:CNC60. 

24. Wetzel PA, Lindblad AS, Raizada H, et al. Eye Tracking Results in Postconcussive 

Syndrome Versus Normative Participants. Invest Ophthalmol Vis Sci 2018;59:4011-9. 

25. Maruta J, Spielman LA, Rajashekar U, Ghajar J. Association of Visual Tracking Metrics 

With Post-concussion Symptomatology. Front Neurol 2018;9:611. 

26. Kelly KM, Kiderman A, Akhavan S, et al. Oculomotor, Vestibular, and Reaction Time 

Effects of Sports-Related Concussion: Video-Oculography in Assessing Sports-Related 

Concussion. J Head Trauma Rehabil 2019;34:176-88. 

27. Howell DR, Brilliant AN, Storey EP, et al. Objective Eye Tracking Deficits Following 

Concussion for Youth Seen in a Sports Medicine Setting. J Child Neurol 2018;33:794-800. 

28. Heitger MH, Jones RD, Macleod AD, et al. Impaired Eye Movements in Post-Concussion 

Syndrome Indicate Suboptimal Brain Function beyond the Influence of Depression, 

Malingering or Intellectual Ability. Brain 2009;132:2850–70. 

Pre
-P

ub
lic

ati
on

Copyright © American Academy of Optometry. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/optvissci by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 12/22/2023



29. Cochrane GD, Christy JB, Almutairi A, et al. Visuo-Oculomotor Function and Reaction 

Times in Athletes with and without Concussion. Optom Vis Sci 2019;96:256-65. 

30. Hutton SB. Cognitive Control of Saccadic Eye Movements. Brain Cogn 2008;68:327-40. 

31. Gallaway M, Scheiman M, Mitchell GL. Vision Therapy for Post-Concussion Vision 

Disorders. Optom Vis Sci 2017;94:68-73. 

32. Hunfalvay M. RightEye. Whitepaper: Automated Sensorimotor System for Testing 

Binocular Vision Issues. December 2021. Available at https://righteye.com/wp-

content/uploads/2022/01/RightEye-Automated-Sensorimotor-Whitepaper.pdf. Accessed 

May 10, 2023. 

33. RightEye Success Center. Reference Data Versions. Available at 

https://success.righteye.com/hc/en-us/articles/1500000244942-Reference-Data-Versions. 

Accessed May 10, 2023. 

34.  Dowiasch S, Marx S, Einhäuser W, Bremmer F. Effects of Aging on Eye Movements in the 

Real World. Front Hum Neurosci 2015;9:46. 

35.  Hopf S, Liesenfeld M, Schmidtmann I, et al. Age Dependent Normative Data of Vertical 

and Horizontal Reflexive Saccades. PLoS One 2018;13:e0204008. 

36. Huang J, Gegenfurtner KR, Schütz AC, Billino J. Age Effects on Saccadic Adaptation: 

Evidence from Different Paradigms Reveals Specific Vulnerabilities. J Vis 2017;17:9. 

37.  Irving EL, Steinbach MJ, Lillakas L, et al. Horizontal Saccade Dynamics across the Human 

Life Span. Invest Ophthalmol Vis Sci 2006;47:2478-84. 

38. Mazumdar D, Meethal NS, Panday M, et al. Effect of Age, Sex, Stimulus Intensity, and 

Eccentricity on Saccadic Reaction Time in Eye Movement Perimetry. Transl Vis Sci 

Technol 2019;8:13. 

Pre
-P

ub
lic

ati
on

Copyright © American Academy of Optometry. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/optvissci by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 12/22/2023



39. Coors A, Merten N, Ward DD, et al. Strong Age but Weak Sex Effects in Eye Movement 

Performance in the General Adult Population: Evidence from the Rhineland Study. Vision 

Res 2021;178:124-33. 

40. Yilmaz A, Polat M. Prosaccadic and Antisaccadic Performance of the Athletes in Different 

Types of Sports. Biomed Res 2018;29:539-43. 

41. Daneshvar DH, Nowinski CJ, McKee AC, Cantu RC. The Epidemiology of Sport-Related 

Concussion. Clin Sports Med 2011;30:1-17, vii. 

42. Yoshimura Y, Kizuka T, Ono S. Properties of Fast Vergence Eye Movements and 

Horizontal Saccades in Athletes. Physiol Behav 2021;235:113397. 

43. Babu RJ, Lillakas L, Irving EL. Dynamics of Saccadic Adaptation: Differences Between 

Athletes and Nonathletes. Optom Vis Sci 2005;82:1060. 

44. Piras A, Lobietti R, Squatrito S. A Study of Saccadic Eye Movement Dynamics in 

Volleyball: Comparison between Athletes and Non-athletes. J Sports Med Phys Fitness 

2010;50:99-108. 

Pre
-P

ub
lic

ati
on

Copyright © American Academy of Optometry. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://journals.lw

w
.com

/optvissci by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 12/22/2023



Table 1. Characteristics of study patients with concussion history, n=115. 
 

Age (years), median (IQR) 21 (16, 32.5) 

Sex, No. (%)  

Female 72 (62.6) 

Male 43 (37.4) 

Number of concussion(s), median (IQR) 1 (1, 2) 

Days from most recent concussion to oculomotor testing, median (IQR) 169 (61.5, 349.5) 

Mechanism of injury, No. (%)  

Sports participation 67 (58.3) 

Motor vehicle accident 29 (25.2) 

Other 19 (16.5) 
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Table 2. Multiple linear regression models of horizontal saccade fixation. 
 

 Right eye Left eye 

 
Regression 
coefficient 

P value 
Regression 
coefficient 

P value 

Sex     

Female [Reference] NA [Reference] NA 

Male 4.24 .003 3.88 .006 

Age -0.24 <.001 -0.24 <.001 

Number of concussion(s) 0.86 .092 0.91 .074 

Time from most recent concussion 
to oculomotor testing (years) 

0.01 .986 -0.40 .401 

Adjusted R
2
 (%) 24.86 NA 25.18 NA 

 
NA = not applicable. 
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Table 3. Multiple linear regression models of vertical saccade fixation. 
 

 Right eye Left eye 

 
Regression 
coefficient 

P value 
Regression 
coefficient 

P value 

Sex     

Female [Reference] NA [Reference] NA 

Male 3.69 .003 3.85 .002 

Age -0.16 <.001 -0.17 <.001 

Number of concussion(s) 0.95 .033 0.95 .019 

Time from most recent 
concussion to oculomotor 
testing (years) 

0.12 .782 0.12 .777 

Adjusted R
2
 (%) 18.87 NA 20.69 NA 

 
NA, not applicable.  
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Table 4. Multiple linear regression models of horizontal saccade speed/accuracy ratio. 
 

 Right eye Left eye 

 
Regression 

coefficient (dps/mm) 
P value 

Regression 
coefficient (dps/mm) 

P value 

Sex     

Female [Reference] NA [Reference] NA 

Male 0.63 .057 -0.11 .76 

Age -0.06 <.001 -0.05 <.001 

Number of concussion(s) 0.12 .307 0.20 .142 

Time from most recent 
concussion to oculomotor 
testing (years) 

-0.04 .735 -0.13 .313 

Adjusted R
2
 (%) 19.94 NA 15.69 NA 

 
dps = degrees per second; NA = not applicable 
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FIGURE LEGENDS 

Figure 1. The RightEye testing system. The screen shows a horizontal saccade test in progress. 

Figure 2. Saccade test performance of patients with concussion history vs. reference ranges 

derived from healthy individuals across age groups. Means and standard deviations are 

shown. On average, patients with concussion history had fewer horizontal and vertical 

saccade fixations and lower horizontal and vertical speed/accuracy ratios than healthy 

individuals. dps = degrees per second. 
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Figure 1 
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Figure 2 
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