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Increasing evidence suggests persistent cognitive dysfunction after COVID-19.
In this cross-sectional study, frontal lobe function was assessed 12 months after
the acute phase of the disease, using tailored eye tracking assessments. Individu-

als who recovered from COVID-19 made significantly more errors in all eye
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tracking tasks compared to age/sex-matched healthy controls. Furthermore,
patients who were treated as inpatients performed worse compared to outpa-

tients and controls. Our results show impaired inhibitory cortical control in
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individuals who recovered from COVID-19. The association between disease
severity and its sequelae may contribute to a better understanding of post-

2022 COVID-19 cognitive function.
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Introduction

COVID-19 is caused by the severe acute respiratory syn-
drome coronavirus 2 which, similarly to other known
coronaviruses, leads primarily to respiratory symptoms.
However, a considerable number of patients with
COVID-19 also develop neurological, neuropsychiatric,
and neuropsychological symptoms during the acute phase,
lasting even months after recovery.' Particularly, cognitive
deficits such as impairment of attention, memory and
executive function have been described.”™ A recent multi-
centre study showed persistent cognitive impairment in
about 17% of COVID-19 patients 6 months after hospi-
talization.” Other frequently reported symptoms include
fatigue, headache, olfactory impairment, depression, and
anxiety.® So far, the literature is scarce on long-term neu-
ropsychological complications of COVID-19 patients.”

One important phenotype reported in literature refers to
neurocognitive deficits of frontal cortical function.® We
aimed to assess mental flexibility and inhibitory control
using tailored eye-tracking tasks in COVID-19 patients
12 months after disease onset. We hypothesized that individ-
uals who had COVID-19 would perform significantly worse
than healthy controls (HC) on all saccadic paradigms.

Methods

Participants

This was a cross-sectional controlled study. Between April
and October 2021, we recruited 55 patients 1 year after a
PCR confirmed diagnosis of COVID-19, who were part of
a prospective observational study.’ Saccadic performance
was compared to 23 non-depressed, age-matched HC
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without a history of COVID-19 infection. Participants
provided written informed consent according to the dec-
laration of Helsinki. The study was approved by the local
ethic committee (Medical University of Innsbruck, EK
Nr. 1103/2020) and registered on ClinicalTrials.gov
(NCT05025839).

Experimental protocol

Patients were assessed for mental and physical fatigue, as
well as for symptoms of depression and anxiety using
dedicated questionnaires. Cognition was also tested
(Table 1). We assessed the presence of persistent symp-
toms 1 year after COVID-19 including fatigue, sleep dis-
turbances, impairment in concentration, headache, and
forgetfulness.

All participants performed three eye tracking tasks:
overlapping pro-saccade, anti-saccade, dual-task anti-
saccade. Eye tracking was performed using a Tobii TX300
system (Tobii Technology AB), showing visual stimuli on
a 23 inches screen with a 1980 x 1280 pixels resolution.
Participants sat in a quiet and dimly lighted room, on a
comfortable armchair with a headrest to minimize invol-
untary head movements and to keep a constant distance
of 65 cm from the computer screen. To maximize stan-
dardization, all participants were tested by the same
investigator (FC) and all eye tracking tasks were presented
in a predefined order.

1 In the overlapping pro-saccade task, the cue and target
were displayed on the screen simultaneously. Partici-
pants were instructed to perform a saccade toward the
cue as soon as the target disappears. Saccades performed
while the target is still present on the screen were con-
sidered errors. This task was repeated 80 times.

2 The anti-saccade task is cognitively more demanding
than a pro-saccade. Subjects were asked to perform a
saccade away from the peripheral cue. Saccades toward
the cue were considered errors. The task was divided
into two blocks of 30 repetitions each, with a short
break in between.

3 In the dual task, the anti-saccade was performed in
concomitance with a motor task which consists of
pressing a button on the computer keyboard on the
same side as the peripheral cue appears on the moni-
tor. This conflicting task leads to a worsening of the
performance of the anti-saccade; the decrement in per-
formance (both in reaction time and error rate) is
defined as “dual-task cost” (DTC). DTC was calculated
using the formula 100° (xdual—xsingle)/xsingle, with x
being reaction time, directional error, or error rate.

For each task, reaction time was measured from the
appearance of the peripheral cue until the first saccade;
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Table 1. Demographic data of study population.

Demographic data of study population

Healthy controls Covid-19 Patients P
(n=23) (n = 55) value
Sex M (%) 43.5 56.3 0.305
Age (years) 57.1+ 86 54.4 +13.3 0.387
MoCA 28.0+ 1.3 27.1+£25 0.205
Education 142 +£ 2.2 13.3 £ 25 0.145
(years)
HADS-A 53+38
HADS-D 3.4 +3.7
FAS 219 £ 6.6
Sub-analysis of COVID-19
patients
Outpatients Inpatients P
(n=17) (n = 38) value
Sex M (%) 23.6 71.0 0.001
Age (years) 46.3 + 12.9 58.1 + 11.8 0.003
MoCA 2843 £ 131 265+27 0.013
Education (years) 144 £ 2.5 127 £24 0.104
Days since diagnosis 4199 + 288 4188 + 246 0.886
FAS 185+ 69 22.1 £ 5.7 0.100
HADS-A 4.8 +45 54+ 34 0.613
HADS-D 26+ 38 3.8+ 36 0.304
Persistent fatigue' (%) 41.2 36.8 0.805
Persistent concentration 35.3 23.7 0.402
impairment” (%)
Persistent forgetfulness’ (%) 23.5 26.3 0.796
Persistent sleep 17.6 21.1 0.747
disturbances' (%)
Persistent headaches’ (%) 17.6 13.2 0.707
Days hospitalized during - 18.7 £ 15.7

acute COVID-19

MoCA, Montreal Cognitive Assessment; HADS-A/D, Hospital Anxiety
Depression Scale; FAS, Fatigue Assessment Scale. Data are expressed
as mean =+ standard deviation, when not otherwise specified. Mean
comparison was performed using independent t-test or Kruskal-Wallis
test according to data distribution. Significant p values (<0.05) are
written in bold.

'Self-reported symptoms.

the threshold under which saccades were discarded was
50 msec. Prior to each of the three tasks, participants per-
formed a practice run consisting of four repetitions; ver-
bal feedback was given when necessary. Between tasks, a
break of 2 min was allowed. More details on the saccadic
paradigms in the supplemental material, for a visual rep-
resentation Figure 1.

Statistical analysis

The statistical analysis was carried out using SPSS (v24).
Based on data distribution, we employed parametric
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Figure 1. Participants are instructed to look at the fixation cross at the beginning of every task. In the pro-saccade task they will look at the
peripheral cue (dot); in the anti-saccade task in the opposite direction; in the dual-task (DT) participants are asked to press a computer key on the
same side of the cue while they perform an anti-saccade. For each task reaction time and error rate are recorded.

(independent t-test) and non-parametric (Mann—Whit-
ney U, Kruskal-Wallis) tests to assess differences across
groups. Bonferroni correction was used as multiple-
comparison correction. Age, MoCA scores, and educa-
tion were used as covariates for all analyses. Correlation
analysis was carried out using Spearman’s analysis.
A multiple regression analysis was used to predict
error rates in saccadic tasks from independent variables.
The level of significance for all analysis was set at
p = 0.05.

Results

Demographics and disease characteristics

Demographic characteristics are summarized in Table 1.

Saccadic tasks

The results from saccadic tasks are reported in Table 2.
Patients made more directional errors in the anti-saccade

Table 2. Results and comparison of saccadic performance among subgroups.

Healthy controls Outpatients Inpatients
(n=23) (n=17) (n = 38) p value H/I H/O I/0
Saccadic tasks parameters
Pro-saccade
Anticipatory error 11.6 £9.7 269 £ 215 26.6 + 24.8 0.013 0.024 0.040 0.989
Reaction time 283.8 +£92.1 261.7 +43.9 302.4 + 83.5 0.226 - - -
Anti-saccade
Directional error 8.9 £ 6.1 134 +£129 241 +£175 0.001 0.001 0.999 0.026
Saccade not performed 08+ 15 09+24 28+ 46 0.084 - - -
Reaction time — Wrong 194.1 + 69.1 211.7 £ 85.2 210.0 £ 50.0 0.293 - - -
Reaction time — Correct 275.6 + 80.4 254.3 +18.7 304.9 + 68.6 0.004 0.030 0.825 0.005
Anti-saccade Dual task
Directional error 21.4+£9.7 23.1 £ 18.6 389 + 23.1 0.006 0.033 1.000 0.022
Saccade not performed 1.9+ 21 0.9+ 2.1 58 +12.9 0.429 - - -
Reaction time — Wrong 243.7 £ 93.2 215.1 + 64.2 239.8 £ 57.4 0.220 - - -
Reaction time — Correct 342.6 + 107.6 297.2 + 654 384.0 + 110.7 0.014 0.289 0.721 0.014
Dual-task cost
Directional error 12.5 + 10.1 9.6 +10.3 14.9 £ 15.7 0.513 - - -
Saccade not performed 1.1+£19 1.8+ 4.1 8.7 £ 127 0.429 - - -
Reaction time — Correct 66.5 + 53.5 42.8 +£57.2 79.1 £ 795 0.138 - - -

Significant p values <0.05 are reported in bold. Samples were compared using Mann-Whitney U test. We report the adjusted significance using
Bonferroni correction. Errors are expressed as percentage, reaction time in milliseconds. Dual-task cost is expressed as percentage and calculated
with the formula: ((dual-task single task)/single task x 100). H, healthy controls; I, inpatients; O, outpatients. Significant p values (<0.05) are writ-

ten in bold.
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task and in the dual-task anti-saccade task (p < 0.001 and
p = 0.045, respectively) and more anticipation errors in
the pro-saccade task (p = 0.003) compared to HC. There
were no differences in reaction time in any of the saccadic
tasks (all p-values >0.1). There were also no significant
intergroup differences in DTC in regards to directional
error, saccade not being performed, and reaction time (all
p-values >0.1). A correlation analysis showed no correla-
tion between FAS score and performance on any saccadic
paradigm (all p-values >0.2).

A sub-analysis showed that inpatients made signifi-
cantly more directional errors in the anti-saccade task
compared to outpatients (p = 0.03) and HC (p = 0.001).
Outpatients had a similar error rate to HC (p > 0.1).
Additionally, inpatients had longer reaction times in the
correctly performed anti-saccade task compared to both
outpatients (p = 0.005) and HC (p = 0.03). Inpatients
made also more directional errors in the dual-task anti-
saccade paradigm compared to outpatients (p = 0.02)
and HC (p = 0.03) and had longer reaction times in cor-
rect trials than outpatients (p = 0.01). Finally, HC made
fewer anticipatory errors in the pro-saccade task com-
pared to inpatients (p = 0.02) and outpatients (p = 0.04)
but there was no difference between the 2 patient sub-
groups (p > 0.6). The difference in performance in the
three saccadic tasks remained significant after controlling
for age, MoCA scores, and education (Wilks’
Lambda = 0.798, p = 0.030). A Spearman’s analysis
showed no significant correlation between MoCA scores
and saccadic performance (p > 0.2 for all subgroups).
Additionally, there was no correlation between saccadic
performance and subscores of the MoCA (p > 0.3).

Discussion

Here, we assessed cognitive function in COVID-19
patients compared to HC using eye tracking 12 months
after disease onset. We found that patients made signifi-
cantly more directional errors on the anti-saccade and on
the dual task and also made more anticipatory errors in
the pro-saccade task. Furthermore, those patients requir-
ing hospitalization performed worse than HC and
patients who were managed as outpatients. Specifically,
inpatients were slower and made more directional errors
in the dual task and in the anti-saccade task than HC and
outpatients and made more anticipatory errors compared
to HC.

Given the literature, we used a targeted approach to
evaluate executive function, specifically response inhibi-
tion, attention, and working rnemory.8 These cognitive
resources are necessary for the anti-saccade task, which
requires intact top-down inhibition systems, intact frontal
areas (such as frontal eye fields and dorsolateral prefrontal

Cognitive Dysfunction Post-COVID-19

cortex), and is mediated by the basal ganglia.'’ Our
results show that these functions are impaired in patients
even 1 year after COVID-19. Error rates described here
are comparable to those of patients diagnosed with vari-
ous neurological/psychiatric diseases affecting frontal
lobes and/or basal ganglia.''™> This impairment in sac-
cadic inhibition is also reflected by the performance in
the overlap pro-saccade task, where patients were unable
to effectively delay an automatic saccade.

We found no correlation with MoCA subscores and
saccadic performance, possibly due to a ceiling effect. The
MoCA is a rapid cognitive screening tool, and our
patients had normal scores.

One recent study assessed eye movement abnormalities
in patients post-COVID-19 and found abnormalities in
latencies of various tasks. However, the sample size
(n = 9) is too low to interpret the results. Our main
results were obtained using a standardized anti-saccade
protocol, allowing for comparison with existing and
future studies.'*

Our results are in line with a recent 18fluorodeoxyglu-
cose ("*F-FDG) PET study showing a correlation between
COVID-19 symptoms’ severity and frontoparietal hypo-
metabolism; they also agree with other functional imaging
studies in patients suffering from “Long COVID” showing
hypometabolism in the cingulate cortex, right temporal
lobe, and cerebellum: all areas involved in the cognitive
domains of attention, memory, and executive func-
tion. 21516

Task-related fatigue did not affect saccadic perfor-
mance, as there was no difference between errors in the
first and second half of the saccadic tasks. Additionally,
there was no correlation between reported fatigue and
saccadic performance. We cannot exclude a learning effect
since all tasks were repeated in the same order; this was
nevertheless necessary to perform the dual-task paradigm.
Also, we cannot exclude that some of the HC might have
had an asymptomatic Sars-CoV-2 infection.

The executive dysfunctions described in this study are
not specific for COVID-19 and executive functions are
not the only cognitive domains affected in these patients.
Similar impairments have been described in patients with
Severe Acute Respiratory Syndrome and Middle East Res-
piratory Syndrome, during the active phase of disease but
also after physical recovery.'”

In conclusion, this cross-sectional controlled study
showed an impairment in executive functions in patients
1 year after COVID-19, observed for the first time using
eye tracking assessments. This objective approach high-
lights a greater impairment in those who were treated as
inpatients. Our results underline a significant and under-
recognized condition that should be assessed and
addressed, as it may have important repercussions in

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1829
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patients’ everyday activities. COVID-19 survivors, espe-
cially older and hospitalized patients, should be followed
up with neuropsychiatric and neuropsychological assess-
ments according to clinical indication, as they may benefit
from tailored mental health and cognitive rehabilitation
programs.
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