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Although Severe Acute Respiratory Syndrome Coronavirus 2 infection (SARS-CoV-2) is primarily 
recognized as a respiratory disease, mounting evidence suggests that it may lead to neurological and 
cognitive impairments. The current study used three eye-tracking tasks (free-viewing, fixation, and 
smooth pursuit) to assess the oculomotor functions of mild infected cases over six months with 
symptomatic SARS-CoV-2 infected volunteers. Fifty symptomatic SARS-CoV-2 infected, and 24 
self-reported healthy controls completed the eye-tracking tasks in an initial assessment. Then, 45, and 
40 symptomatic SARS-CoV-2 infected completed the tasks at 2- and 6-months post-infection, 
respectively. In the initial assessment, symptomatic SARS-CoV-2 infected exhibited impairments in 
diverse eye movement metrics. Over the six months following infection, the infected reported overall 
improvement in health condition, except for self-perceived mental health. The eye movement patterns 
in the free-viewing task shifted toward a more focal processing mode and there was no significant 
improvement in fixation stability among the infected. A linear discriminant analysis shows that eye 
movement metrics could differentiate the infected from healthy controls with an accuracy of 
approximately 62%, even 6 months post-infection. These findings suggest that symptomatic SARS-
CoV-2 infection may result in persistent impairments in oculomotor functions, and the employment 
of eye-tracking technology can offer valuable insights into both the immediate and long-term effects 
of SARS-CoV-2 infections. Future studies should employ a more balanced research design and 
leverage advanced machine-learning methods to comprehensively investigate the impact of SARS-
CoV-2 infection on oculomotor functions. 
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Introduction 
The COVID-19 pandemic has caused unprecedented disruptions to the global economy and in-

flicted over 770 million individuals worldwide (World Health Organization, n.d.). While SARS-
CoV-2 is predominantly recognized as respiratory disease, mounting evidence also suggests nervous 
system disruption (Andalib et al., 2021; Desforges et al., 2019; Mao et al., 2020; Meinhardt et al., 
2021; Miners et al., 2020; Nagu et al., 2021), with notable clinical symptoms like sensorineural 
hearing loss (Degen et al., 2020), dysautonomia (Eldokla et al., 2022), anosmia (Vaira et al., 2020), 
headache (Nazari et al., 2021), etc. Autopsies on patients who died with COVID-19 also revealed 
that the SARS-CoV-2 RNA persisted throughout the brain, as late as 230 days following symptom 
onset (Stein et al., 2022). Similarly, recent studies have shown that SARS-CoV-2 infections may 
affect cognitive functions (Becker et al., 2021; Ceban et al., 2022; He et al., 2023; Miners et al., 
2020; Zhao et al., 2023). For instance, mild SARS-CoV-2 infected cases show cognitive deficits that 
may relate to neuroinflammation (De Paula et al., 2023). 

Standardized neuropsychological tests are commonly used in clinical settings to assess cognitive 
functions (Kanchan et al., 2018). However, these tests require highly qualified individuals to admin-
ister and may fail to detect mild cognitive or neurological impairments that do not reveal themselves 
in observable symptoms or magnetic resonance imaging (MRI) scans, such as mild traumatic brain 
injuries (Hunt et al., 2016). While researchers and medical practitioners continue to search for alter-
native diagnostic methods, there has been a recent surge in the utilization of eye-tracking technolo-
gies for detecting neurological impairments (Levantini et al., 2020; McDonald et al., 2022; Tao et 
al., 2020), assessing cognitive deficits (Caldani et al., 2020; Panagiotidi et al., 2017), and evaluating 
treatment responses (Fletcher-Watson & Hampton, 2018; Mihara et al., 2023; Stafford et al., 2019; 
Vassallo & Douglas, 2021). Eye-tracking allows quick acquisition of objective and real-time ana-
lytics (Benson et al., 2012), and various eye-tracking tasks have been designed to capture eye move-
ment metrics that help to reveal the neurological or psychological profile of an individual. For ex-
ample, in a recent study, Zhang et al. (2022) tested depressed patients with fixation stability, anti-
saccade, and free-viewing tasks, and revealed noticeable differences in eye movement patterns be-
tween depressed participants and healthy controls. Hunfalvay et al. (2021) also discovered that 
smooth pursuit tasks hold promise for detecting deficits in oculomotor functions stemming from 
concussions. 

As noted, SARS-CoV-2 infection has been shown to burden the nervous system and impair cog-
nitive functions (e.g., Zhao et al., 2023). However, in cases with mild symptoms, the impact of 
SARS-CoV-2 infection may be subtle and therefore may not be detected using traditional neuropsy-
chological tests. The oculomotor system is closely linked to higher cognitive functions such as at-
tention and executive control (Van Ede et al., 2019), and oculomotor function abnormalities have 
been studied as potential markers or proxies for cognitive impairments in various neurological and 
neuropsychiatric conditions. The current study examined whether impairments in oculomotor func-
tions exist in recovered symptomatic SARS-CoV-2 infected participants immediately after recovery 
and at two- and six-month follow-ups. While oculomotor function tasks cannot yet replace cognitive 
assessments, the results of the present study should provide insights into the short- and long-term 
neural and cognitive impact of SARS-CoV-2. 

Methods 
The research protocol reported in this paper was approved by a local ethics committee at the 

Center for Psychological Sciences, Zhejiang University. The experiments were carried out following 
the guidelines outlined in the Declaration of Helsinki, and all participants gave written informed 
consent before the assessments.  
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Participants 
The present study recruited 53 volunteers with self-reported prior SARS-CoV-2 infection and 

25 volunteers self-reported having no prior SARS-CoV-2 infection from Zhejiang University. Those 
with prior SARS-CoV-2 infection all reported SARS-CoV-2 symptoms (see Table 1). For conven-
ience, we will refer to these two groups of participants as SARS-CoV-2 infected and controls, re-
spectively. Three SARS-CoV-2 infected participants were excluded from the analysis: two had been 
infected several months ago, one due to equipment failure. One participant in the control group was 
excluded because he reported being on medication for depressive disorder. So, in the initial assess-
ment, there were 50 SARS-CoV-2 infected (27 females; M = 24.98 years, SD = 3.86) and 24 controls 
(20 females; M = 23.92 years, SD = 2.73). Statistical analysis showed that the ages of these two 
groups did not differ, t(72) = 1.56, p = 0.125, Hedges' g = 0.30. Among the SARS-CoV-2 infected, 
45 (25 females/20 males, M = 25.07 years, SD = 3.89) returned to complete the 2-month follow-up 
assessment, and 40 (20 females/20 males; M = 24.90 years, SD = 4.07) returned to complete the 6-
month follow-up assessment. 

All participants reported having normal or corrected-to-normal visual acuity and having no other 
vision conditions (e.g., color blindness, amblyopia, high astigmatism, strabismus, cataracts, glau-
coma, floaters, etc.). They were also required to report psychological conditions (e.g., depression, 
mania, schizophrenia, etc.) to the experimenter if there were any. No ophthalmologic evaluation was 
performed on the participants. 

Table 1.  

Clinical symptoms experienced by the SARS-CoV-2 infected. 

Clinical symptom Percentage Clinical symptom Percentage 
Fever 94% Hyposmia or hypogeusia 42% 
Headache 68% Pneumonia 2% 
Body aches 54% Eye pain 2% 
Asthenia 72% Anorexia 2% 
Dry throat 60% Insomnia 2% 
Rhinobyon 70% Diarrhea 2% 
Rhinorrhea 56% Feel cold 2% 
Cough 88%   

Note: Pneumonia included only those confirmed by computed tomography. 

 

Materials and Equipment 
The participants completed three eye movement tasks in a quiet laboratory. The visual stimuli 

were presented against a gray background on a 21-inch ViewSonic LCD monitor. The refresh rate 
of this monitor was 144 Hz and its visible screen area measured 50° x 29.5° at a viewing distance 
of 57 cm (maintained with a chinrest). Stimulus presentation and eye-movement data recording were 
controlled by Python scripts running on a Windows 10 gaming laptop. Eye movement data were 
recorded at 1000 Hz with an EyeLink Portable Duo eye tracker (SR Research, Ottawa, Canada). The 
tracker was set to record binocular gaze data, but in rare occasions where only one eye could be 
reliably tracked, monocular gaze data was recorded. The typical tracking accuracy of this tracker 
was reported to be around 0.25°-0.5° (SR Research Ltd., 2022). 
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Procedure and Design 
The initial assessment was administered shortly after the Chinese government lifted COVID-19 

restrictions in late 2022. All participants completed a fixation task, a smooth pursuit task, and a free-
viewing task. Details of the three eye movement tasks (i.e., fixation, smooth pursuit, and free view-
ing) are presented below. 

Fixation task. Each participant completed four trials in the fixation task, two with and two with-
out visual distractors. Visual distractors were presented to elicit intrusive saccades, which help as-
sess the ability to maintain sustained attention (e.g., Benson et al., 2012; Zhang et al., 2022). A drift-
check was performed at the beginning of each trial. During the drift-check, a target was presented 
at the center of the screen and the participant was asked to press an assigned button when looking at 
the target to validate the accuracy of the calibration model (SR Research Ltd., 2022). Following the 
drift-check, a fixation target (a white cross “+”) appeared at the center of the screen. In trials with 
distractors, a salient distractor (red disk; diameter = 0.44°) would appear at a random location 1.5° 
away from the fixation target. Participants were instructed to maintain their gaze on the fixation 
target and ignore the distractor. The visual distractor would show up on the screen at random inter-
vals throughout a trial. Each trial lasted for 30 seconds, and the distractor would show up a total of 
10 times. In trials without distractors, only the fixation target was presented at the screen center for 
30 seconds. 

Smooth pursuit task. Smooth pursuit tasks are commonly used for clinical assessment of neuro-
logical deficits (Kullmann et al., 2021). At the start of each trial, a drift-check target appeared 10° 
left or right of the screen center. Following a successful drift-check, a target stimulus (white disk; 
diameter = 0.69°) appeared at the same positions and began to move in a Lissajous pattern (fre-
quency ratio = 3/4, amplitude = 10°). The participants were instructed to follow the target move-
ment with their gaze. Each trial lasted for 48 seconds, and four trials were tested on each partici-
pant. 

Free-viewing task. In the free-viewing task, the participants viewed 30 color pictures (31.38° x 
18.11°) selected from publicly available datasets, HKU-IS (G. Li & Yu, 2015), DUST (Wang et al., 
2017), and PASCAL-S (Y. Li et al., 2014). The task consisted of thirty trials. Each trial started with 
a drift-check, followed by a picture that was presented for 5 seconds. The participant was instructed 
to freely view the picture. 

The overall quality of life (QoL) of the participants was also assessed with the 36-item Short 
Form (SF-36; McHorney et al., 1993; Ware & Sherbourne, 1992). The same cohort of SARS-CoV-
2 infected participants were re-assessed, using the same testing protocol, two and six months after 
the initial assessment. 

Data analysis 
In the analysis, we first examined the immediate impact of SARS-CoV-2 infection by comparing 

the SARS-CoV-2 infected against the controls on various eye movement metrics. We then shifted 
focus to the SARS-CoV-2 infected and examined the evolving effect of SARS-CoV-2 infection on 
eye movement metrics over time. Lastly, linear discriminant analyses were performed to examine 
whether eye movement metrics can effectively differentiate individuals with a history of SARS-
CoV-2 infection from controls. 

Data analyses were performed in R 4.2.1 (R Core Team, 2022), and the effect size measure 
(Hedges’ g) reported in this paper was calculated with the esc package in R (Lüdecke, 2019). Re-
peated measure ANOVAs, when needed, were performed using the bruceR package in R (Bao, 
2023). Significant main effects observed in the ANOVA were further examined with Bonferroni-
corrected post-hoc comparisons. The t-tests reported in this study were corrected using a method 
recommended by Ruxton (2006). This approach involved an initial examination of the distribution 
of the dependent measure, followed by the performance of an unequal variance t-test on either 
ranked or unranked data, depending on whether the dependent measure exhibited a normal distribu-
tion or not. The scikit-learn library in python was applied to the linear discriminant analysis. 

The present study recorded binocular gaze data, with a few exceptions where good binocular 
calibration could not be obtained (5, 5, and 8 instances in the smooth pursuit task, free-viewing task, 
and fixation task, respectively). Sample eye movement recordings from the three oculomotor tasks 
are presented in Figure 1. Various eye movement metrics that have been previously used in clinical 
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studies were compared between the two groups (Benson et al., 2012). The eye movement metrics 
examined in all three tasks include fixation number, fixation duration (s), saccade number, saccade 
duration (ms), saccade amplitude (°), saccade average velocity (°/s), and saccade peak velocity (°/s). 
In the smooth pursuit task, we also examined velocity gain and root mean square error (RMSE), 
which reflect how closely the gaze followed the pursuit target. In the fixation task, we also examined 
two fixation stability metrics, i.e., bivariate contour ellipse area (BCEA) and RMSE. These eye 
movement metrics were extracted from the raw recordings using SR Data Viewer (version 4.3.1). 

Saccades in the present study were identified with a velocity threshold of 30°/s and an accelera-
tion threshold of 8000°/s2. It is important to note that blink saccades were excluded from the analysis. 
In the free viewing task, nearby fixations were merged based on an amplitude threshold of 1.0° and 
a duration threshold of 50 ms. Fixations flanking blinks were treated as separate ones, as the gaze 
position usually changes following blinks. The EyeLink event detection algorithm categorized 
smooth pursuit movements as “fixations”. In the smooth pursuit task, velocity gain was calculated 
individually for all fixations by dividing the average gaze angular velocity by the average target 
velocity and then aggregated for each trial.

Figure 1.  

Sample eye movement recordings from the three oculomotor tasks  

 Fixation task Smooth pursuit task Free-viewing task 

Symptomatic 
SARS-CoV-2 
infected  

   

Control 

   
 

Results 
The immediate and evolving impact of SARS-CoV-2 infection 
Quality of life ratings (SF-36). Both the SARS-CoV-2 infected and controls completed the SF-

36 survey in the initial and follow-up assessments. The SF-36 domain scores of the three assessments 
are summarized in Table 2. In the initial assessment, the SARS-CoV-2 infected reported deteriora-
tion in several domains, including role limitation due to physical health, social functioning, bodily 
pain, role limitation due to emotional problems, and general health perceptions. Over the six months 
following the infection, the quality of life of the SARS-CoV-2 infected showed improvement across 
all SF-36 domains, except for self-perceived mental health, F = 0.08, p = 0.921. 

Eye movement metrics. At the beginning of the recording session, participants were instructed to 
look at 9 fixation targets on the monitor sequentially to calibrate the tracker. No significant differ-
ence in the calibration result was observed between the controls (M = 0.37°, SD = 0.11) and the 
SARS-CoV-2 infected (M = 0.40°, SD = 0.17), p = 0.129. The eye movement metrics extracted from 
the tasks are summarized in Table 3.  
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Table 2.  

SF-36 domain scores of the SARS-CoV-2 infected and controls. 

SF-36 domains 
Mean (SD)  P-value 

 
C0 T0 T1 T2  C0 vs. T0 C0 vs. T1 C0 vs. T2 [T0 T1 T2] 

# 
Physical functioning 94.17 (9.05) 89.50 (11.75) 93.07 (5.63) 94.38 (8.93)  0.050+ ↓ 0.119 0.670 0.063+ ↑  
Role limitation due to physical health 91.67 (21.70) 19.50 (30.43) 80.68 (34.89) 71.25 (39.45)  < 0.001*** ↓ 0.125 0.018* ↓ <0.001*** ↑ T0 < T1 = T2 
Social functioning 87.08 (11.58) 75.75 (14.84) 81.19 (16.54) 81.44 (13.75)  < 0.001*** ↓ 0.206 0.150 0.041* ↑ T0 < T2 
Bodily pain 84.83 (14.78) 58.88 (19.02) 76.66 (16.45) 79.45 (17.11)  < 0.001*** ↓ 0.070+ ↓ 0.258 <0.001*** ↑ T0 < T1 = T2 
General mental health 68.83 (14.59) 65.28 (12.92) 65.82 (14.00) 66.40 (13.97)  0.227 0.535 0.415 0.921  
Role limitation due to emotional problems 72.22 (37.64) 40.00 (43.12) 68.18 (38.01) 75.83 (36.19)  0.002** ↓ 0.655 0.716 <0.001*** ↑ T0 < T1 = T2 
Vitality 68.13 (12.05) 63.70 (14.14) 69.09 (12.35) 66.75 (14.44)  0.169 0.693 0.684 0.006** ↑ T0 < T1 
General health perceptions 76.00 (11.47) 68.22 (16.10) 71.39 (14.79) 73.68 (17.45)  0.036* ↓ 0.337 0.868 0.029* ↑  
Notes: C0 refers to the control group in the initial assessment, whereas T0 to T2 refers to the initial, 2-month, and 6-month assessments, respectively; # The ANOVAs are performed on the infected 
participants who completed SF-36 in all three assessments, and the means and SDs are based on the participants who completed the questionnaire in each assessment. +p < 0.1; *p < 0.05; **p < 0.01; 
***p < 0.001. 
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In the initial assessment, a significant elevation in saccade amplitude, saccade average velocity, 
saccade peak velocity, and a fixation stability (RMSE), were observed among the SARS-CoV-2 
infected in the fixation task, regardless of the presence of visual distractors. There was a decrease in 
fixation duration in the SARS-CoV-2 infected when no distractor was present. In the free-viewing 
task, the SARS-CoV-2 infected had fewer fixations than controls. The smooth pursuit task revealed 
no reliable difference between the two groups, all |t’s| ≤ 1.19, all p’s ≥ 0.243.  

In the second-month follow-up (T1), the SARS-CoV-2 infected continued to exhibit slightly 
poorer fixation stability, as evidenced by marginally higher RMSE (with distractor) and log10(BCEA) 
(without distractor). Furthermore, there was a decrease in fixation duration (without distractor), cou-
pled with an increase in saccade amplitude and average velocity (with and without distractor) among 
the SARS-CoV-2 infected in the fixation task. When compared to the control group, the SARS-
CoV-2 infected also had a decrease in fixation number in the free-viewing task and an increase in 
velocity gain in the smooth pursuit task. 

In the sixth-month follow-up (T2), there was a significant rise in saccade amplitude and average 
velocity, and a marginal increase in saccade peak velocity and RMSE among the SARS-CoV-2 
infected in the fixation task (with distractor). There was a decrease in fixation and saccade number 
and an increase in fixation duration in the free-viewing task. 

Over the six months following the infection ([T0 T1 T2] in Table 3), a significant increase in 
fixation duration, and decreases in fixation number, saccade amplitude, saccade average velocity, 
saccade peak velocity, and saccade number were observed among the SARS-CoV-2 infected in the 
free-viewing task. The smooth pursuit task, on the other hand, revealed an increase in velocity gain 
and a decrease in saccade peak velocity. 

The saccade peak velocity to amplitude ratio (main sequence) was also examined. When com-
paring to the health controls, there was a decrease among the SARS-CoV-2 infected in the fixation 
task (with distractor) at T0 (p = 0.004), T1 (p = 0.033), and T2 (p = 0.029). Over the six months 
following infection, there was a change in peak velocity to amplitude ratio in the free-viewing task 
(p = 0.005). No other significant effect was observed in other tasks (all ps ≥ 0.176). 

Linear discriminant analysis 

We also investigated whether the eye movement metrics could effectively differentiate between 
the SARS-CoV-2 infected and controls with linear discriminant analyses (LDA). The participants 
included in this analysis include the controls who completed all tasks in the initial assessment (n = 
23; 20 females/3 males; M = 24.00 years, SD = 2.76), the SARS-CoV-2 infected who completed all 
tasks in the initial assessments (n = 49; 26 females/23 males; M = 25.12 years, SD = 3.77), and the 
SARS-CoV-2 infected that completed all tasks in the 2-month (n = 44; 24 females/20 male; M = 
25.14 years, SD = 3.91) and 6-month (n = 40; 20 females/20 males; M = 24.90 years, SD = 4.07) 
follow-up assessments. 

LDA was performed on the eye movement metrics exacted from individual experimental tasks 
and all experimental tasks combined. When considering data from all three experimental tasks, the 
linear discriminant analysis demonstrated the ability to differentiate between SARS-CoV-2 infected 
and controls with an accuracy of 59.72%, 59.70%, and 61.90% at the initial assessment (T0), 2-
month (T1), and 6-month (T2) follow-up assessments, respectively. When examining individual 
tasks, the fixation task with distractors yielded discriminative accuracies of 65.28%, 53.73%, and 
50.79% at T0, T1, and T2, respectively. In the fixation task without distractors, the discriminant ac-
curacies reached 63.89%, 64.18%, and 60.32% at T0, T1, and T2, respectively. With data from the 
free-viewing task, the discriminative accuracies were 56.94%, 61.19%, and 58.73% at T0, T1, and 
T2, respectively. Meanwhile, with data from the smooth pursuit task, the discriminative accuracies 
were 58.33%, 53.73%, and 53.97%. 
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Table 3.  

Eye movement metrics extracted from three eye movement tasks. 

Eye movement metrics 
Mean (SD)  p-value  

C0 T0 T1 T2  C0 vs. T0 C0 vs. T1 C0 vs. T2 [T0 T1 T2] 
#  

Fixation task (without distractor)          
Fixation number 25.37 (17.69) 32.05 (16.26) 30.48 (13.98) 27.87 (13.30)  0.081+ ↑ 0.104 0.261 0.278  
Fixation duration (s) 2.30 (2.93) 1.21 (0.74) 1.30 (0.89) 1.47 (0.97)  0.037* ↓ 0.066+ ↓ 0.260 0.294  
Saccade duration (ms) 13.19 (4.78) 15.84 (6.91) 13.40 (4.28) 13.78 (5.59)  0.121 0.785 0.746 0.051+ ↓  
Saccade amplitude (°) 0.61 (0.65) 0.87 (1.27) 0.63 (0.41) 0.70 (0.89)  0.013* ↑ 0.066+ ↑ 0.143 0.320  
Saccade average velocity (°/s) 39.71 (12.84) 45.75 (18.47) 42.32 (10.01) 41.90 (16.86)  0.014* ↑ 0.078+ ↑ 0.360 0.377  
Saccade peak velocity (°/s) 53.18 (23.80) 64.54 (33.78) 56.27 (18.72) 56.92 (31.60)  0.014* ↑ 0.182 0.347 0.263  
Saccade number 24.69 (17.88) 31.42 (16.18) 29.98 (14.02) 27.03 (13.39)  0.077+ ↑ 0.114 0.275 0.234  
RMSE 0.56 (0.34) 0.83 (0.85) 0.65 (0.39) 0.61 (0.39)  0.042* ↑ 0.120 0.179 0.146  
Log10(BCEA) -0.69 (0.39) -0.50 (0.50) -0.57 (0.39) -0.59 (0.35)  0.057+ ↑ 0.093+ ↑ 0.125 0.507  

Fixation task (with distractor)          
Fixation number 21.49 (15.33) 25.40 (12.55) 24.67 (13.41) 22.90 (13.73)  0.078+ ↑ 0.168 0.549 0.949  
Fixation duration (s) 2.07 (1.33) 1.52 (0.85) 1.93 (2.28) 2.21 (2.35)  0.082+ ↓ 0.137 0.632 0.353  
Saccade duration (ms) 13.63 (4.26) 14.43 (4.34) 14.89 (6.80) 14.30 (4.57)  0.457 0.662 0.554 1.000  
Saccade amplitude (°) 0.44 (0.17) 0.73 (0.55) 0.62 (0.43) 0.64 (0.43)  < 0.001*** ↑ 0.004** ↑ 0.005** ↑ 0.293  
Saccade average velocity (°/s) 37.51 (6.10) 43.83 (11.12) 42.70 (11.02) 42.56 (9.54)  0.007** ↑ 0.022* ↑ 0.015* ↑ 0.741  
Saccade peak velocity (°/s) 49.83 (10.61) 60.94 (21.44) 58.15 (20.21) 58.23 (18.46)  0.019* ↑ 0.084+ ↑ 0.087+ ↑ 0.673  
Saccade number 20.54 (15.30) 24.70 (12.53) 24.01 (13.61) 22.43 (14.11)  0.061+ ↑ 0.132 0.467 0.983  
RMSE 0.44 (0.19) 0.58 (0.29) 0.59 (0.37) 0.54 (0.25)  0.031* ↑ 0.075+ ↑ 0.098+ ↑ 0.399  
Log10(BCEA) -0.74 (0.25) -0.62 (0.33) -0.63 (0.37) -0.64 (0.32)  0.085+ ↑ 0.263 0.176 0.770  

Free-viewing task           
Fixation number 17.63 (1.52) 16.89 (1.68) 16.58 (1.76) 16.59 (1.49)  0.067+ ↓ 0.014* ↓ 0.011* ↓ 0.029* ↓  
Fixation duration (s) 0.25 (0.33) 0.26 (0.35) 0.27 (0.050) 0.27 (0.42)  0.365 0.120 0.032* ↑ 0.003** ↑ T0 < T2 
Saccade duration (ms) 38.86 (2.60) 38.90 (2.62) 39.09 (2.64) 38.71 (3.69)  0.850 0.602 0.539 0.921  
Saccade amplitude (°) 5.89 (0.81) 6.02 (0.83) 5.81 (0.66) 5.68 (0.65)  0.329 0.921 0.531 0.014* ↓ T0 > T2 
Saccade average velocity (°/s) 136.42 (12.90) 139.91 (14.19) 134.57 (10.92) 133.59 (10.87)  0.303 0.562 0.381 0.002** ↓ T0 > T1 = T2 
Saccade peak velocity (°/s) 230.20 (29.14) 240.17 (34.17) 226.42 (28.24) 225.63 (27.14)  0.205 0.613 0.542 <0.001*** ↓ T0 > T1 = T2 
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Eye movement metrics 
Mean (SD)  p-value  

C0 T0 T1 T2  C0 vs. T0 C0 vs. T1 C0 vs. T2 [T0 T1 T2] 
#  

Saccade number 14.68 (1.51) 14.51 (1.79) 14.02 (1.80) 13.91 (1.40)  0.665 0.116 0.052+ ↓ <0.001*** ↓ T0 > T2 
Smooth pursuit task           
Fixation number 71.20 (26.57) 70.85 (23.14) 73.01 (28.16) 70.86 (27.23)  0.957 0.795 0.961 0.928  
Fixation duration (s) 0.74 (0.29) 0.73 (0.28) 0.75 (0.36) 0.78 (0.37)  0.794 0.820 0.966 0.672  
Saccade duration (ms) 17.81 (5.04) 19.38 (6.75) 18.20 (8.85) 17.49 (5.80)  0.448 0.586 0.472 0.118  
Saccade amplitude (°) 0.99 (0.43) 1.31 (1.21) 1.04 (0.72) 1.13 (0.99)  0.267 0.858 0.935 0.101  
Saccade average velocity (°/s) 51.82 (8.99) 57.45 (18.61) 52.94 (13.18) 54.08 (16.14)  0.349 0.825 0.956 0.105  
Saccade peak velocity (°/s) 73.23 (17.99) 84.25 (33.46) 74.19 (24.82) 75.83 (29.23)  0.243 0.708 0.793 0.022* ↓ T0 > T1 
Saccade number 70.22 (26.55) 70.08 (23.15) 72.24 (28.27) 69.98 (27.32)  0.982 0.773 0.973 0.931  
Velocity gain 1.00 (0.08) 1.03 (0.19) 1.10 (0.21) 1.06 (0.14)  0.934 0.009** ↑ 0.245 0.004** ↑ T0 < T1 
RMSE 1.00 (0.40) 1.12 (0.62) 1.08 (0.55) 1.12 (0.62)  0.475 0.748 0.385 0.847  

Notes: C0 refers to the control group in the initial assessment, whereas T0 to T2 refers to the initial, 2-month, and 6-month assessments of the SARS-CoV-2 infected, respectively. RMSE, root 
mean square error; BCEA: bivariate contour ellipse area. # The ANOVAs are performed on the infected participants who completed the tasks in all three assessments, and the means and SDs are 
based on the participants who completed the tasks in each assessment. +p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001. 
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Discussion 
Previous studies have shown that the rich features derived from eye-tracking data can effectively 

distinguish clinical groups from healthy controls with exceptional accuracy (e.g., Benson et al., 
2012; Zhang et al., 2022). In the current study, we investigated both the immediate and long-term 
impact of SARS-CoV-2 infection on oculomotor functions with three eye-tracking tasks. 

The immediate impact of SARS-CoV-2 infection 
During the initial assessment, the SF-36 survey, and three eye movement tasks were adminis-

tered to the SARS-CoV-2 infected and controls. We observed significant group differences in mul-
tiple eye movement metrics in the free-viewing and fixation tasks. 

In the free-viewing task, the SARS-CoV-2 infected exhibited a marginal decrease in the number 
of fixations. The number of fixations during free viewing has been associated with several mental 
disorders (schizophrenia, depression, etc.; e.g., Benson et al., 2012; Holmqvist et al., 2011). Previous 
studies have also linked this metric with exploratory behaviors (e.g., Ohya et al., 2014). Few volun-
teers in the current study reported experiencing mental problems; the observed decline in fixation 
number among the SARS-CoV-2 infected is likely associated with impairments in exploratory eye 
movements. 

In the fixation task, the SARS-CoV-2 infected exhibited an increase in saccade amplitude, sac-
cade average velocity, saccade peak velocity, and RMSE, regardless of the presence of visual dis-
tractors. Furthermore, there was a marginal increase in the number of saccades. Saccades that occur 
during a prolonged fixation are also known as intrusive saccades and have been associated with 
attention-deficit / hyperactivity disorder (e.g., ADHD; Falck-Ytter et al., 2020). These observations 
suggest that the SARS-CoV-2 infected may suffer from impairments in attention and executive 
function to some extent. 

Besides, the SARS-CoV-2 infected participants exhibited deteriorated health conditions in sev-
eral SF-36 domains when compared to the healthy controls. These findings were not surprising, 
considering that the SARS-CoV-2 infected were surveyed soon after their recovery, and most of 
them had reported experiencing one or more physical symptoms associated with the infection (see 
Table 1 for details). 

Long-lasting oculomotor impairments due to SARS-CoV-2 infection 
Following the initial assessment, most of the SARS-CoV-2 infected returned to the lab to com-

plete the 2- and 6-month follow-up assessments. Over the six months following the SARS-CoV-2 
infection, the SARS-CoV-2 infected showed overall improvements in health conditions across all 
SF-36 domains, except for general mental health. In the eye movement tasks, we observed an in-
crease in fixation duration, coupled with a decrease in fixation number, saccade amplitude, saccade 
average/peak velocity, and saccade number among the SARS-CoV-2 infected in the free-viewing 
task. These observations suggest that the SARS-CoV-2 infected participants may have adopted a 
relatively focal processing mode (Ito et al., 2017), as previously observed in participants with mental 
disorders, potentially indicating cognitive dysfunctions (Zhang et al., 2022). In the smooth pursuit 
task, there was an increase in velocity gain and a decrease in saccade peak velocity. The linear 
discriminant analysis further revealed that eye movement metrics extracted from all three tasks could 
differentiate between the SARS-CoV-2 infected and controls with accuracies of 59.72%, 59.70%, 
and 61.90% at the initial, 2-month, and 6-month assessments, respectively.  

The above observations are consistent with recent studies revealing neurological and cognitive 
impairments following SARS-CoV-2 infection (e.g., Zhao et al., 2023), suggesting persistent alter-
ations in oculomotor functions among the SARS-CoV-2 infected. The mechanisms that associate 
SARS-CoV-2 infection and cognition and brain health are unclear, but possible candidates may 



Journal of Eye Movement Research       Duan, X., Huang, Z., Zhang, S., Zhu, G., Wang, R., & Wang, Z. (2024) 
17(1):2        SARS-CoV-2 infection impairs oculomotor functions 
 

 11 

include cerebrovascular factors, dysregulated autoimmunity and neuroinflammation, direct viral in-
vasion of the central nervous system, and psychological factors (Zhao et al., 2023).  

The reversibility of oculomotor impairments as a sequela of SARS-CoV-2 infection remains to 
be substantiated by further long-term research evidence. 

Limitations of the current study 
It should be noted that previous researchers have found a series of ocular anomalies potentially 

arising from SARS-CoV-2 infection, including, retinal changes (Invernizzi et al., 2020), ocular mo-
tor nerve palsy (Jeong et al., 2022; Wei et al., 2020), and visuo-constructive deficit (De Paula et al., 
2023). The current study did not assess these ocular anomalies due to a lack of resources. However, 
ocular anomalies due to SARS-CoV-2 infection are rare and last for a relatively short period (Al-
Sharif et al., 2021); they are unlikely to confound the present findings. 

The dysfunctions and complications resulting from SARS-CoV-2 infection could endure for at 
least six months among certain discharged patients (The Lancet, 2020). Several studies have also 
suggested that individuals may even develop new-onset long COVID-19 symptoms several months 
after their initial recovery (Soriano et al., 2022). In the context of the present finding, previous re-
search has highlighted the prevalence of cognitive dysfunctions and the prolonged recovery process 
among participants infected with or suspected of being infected with SARS-CoV-2 (Davis et al., 
2021). We cannot rule out the possibility of reinfection with SARS-CoV-2 during the present study, 
as antibody levels tend to decrease over time, increasing the likelihood of reinfection (Ye, 2023). 
However, the current observation of persistent oculomotor dysfunctions is more likely attributable 
to long COVID-19, a phenomenon where individuals may experience persistent symptoms follow-
ing the initial SARS-CoV-2 infection (Spudich & Nath, 2022). 

The relatively small and unbalanced sample may have contributed to the relatively low accuracy 
of the linear discriminant analyses. It is also possible that the eye movement metrics examined in 
the present study might not be sufficiently sensitive to discern the effects of SARS-CoV-2 infection. 
As such, caution is warranted when interpreting the results of the linear discriminant analysis. To 
address these limitations in future investigations, it is advisable to explore more advanced machine 
learning techniques, such as support vector machines. 

Preliminary findings indicate that integrating a support vector machine (SVM) with principal 
component analysis (PCA) yields classification accuracies of 81.94%, 73.13%, and 74.19% at T0, 
T1, and T2, respectively. 

One methodological limitation of this study is the lack of follow-up on the control group, as most 
of those in the control group were later infected during the surge of infections following the lift of 
COVID-19 restrictions. The present study also does not have a balanced design because there was 
a scarcity of uninfected volunteers who were willing to participate in the initial assessment. 

Conclusions 
The current research found diverse deficits in eye movement metrics immediately following 

SARS-CoV-2 infection, persisting at 2 and 6 months later. A linear discriminant analysis shows that 
eye movement metrics could differentiate individuals with a history of SARS-CoV-2 infection from 
healthy controls with an accuracy of approximately 62%, even 6 months post-infection. The present 
findings suggest that symptomatic SARS-CoV-2 infection may result in impairments in oculomotor 
functions, and the employment of eye-tracking technology can offer valuable insights into both the 
immediate and long-term effects of SARS-CoV-2 infection. 
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