Neurology/Medicine

Clinical EEG and Neuroscience
2022, Vol. 53(6) 543-557

© EEG and Clinical Neuroscience
Society (ECNS) 2022

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/15500594221103834
journals.sagepub.com/home/eeg

®SAGE

Changes in Electrical Brain Activity and

Cognitive Functions Following Mild to
Moderate COVID-19: A one-Year
Prospective Study After Acute Infection

Pablo Andrei Appelt', Angélica Taciana Sisconetto', Kelly Savana
Minaré Baldo Sucupira', Eduardo de Moura Neto?, Tatiane de
Jesus Chagasz, Rodrigo Bazan3, Ariana Moura Cabral4, Adriano de
Oliveira Andrade* , Luciane Aparecida Pascucci Sande de Souza',
and Gustavo José Luvizutto'

Abstract

The coronavirus disease 2019 (COVID-19) can disrupt various brain functions. Over a one-year period, we aimed to assess brain
activity and cognitive function in 53 COVID-19 patients and 30 individuals without COVID-19 (or asymptomatic). The Montreal
Cognitive Assessment, Trail Making Test Parts A and B (TMT-A and B), and Digit Span Test were used to assess cognitive func-
tion. Cognitive variables and electroencephalography (EEG) data (activity, mobility, and complexity) were compared between the
groups at rest and during cognitive demand (F3-F7, Fz-F3, Fz-F4, and F4-F8). There was a reduction in F3-F7 activity during the
TMT-B in the COVID-19 group at 6-12 months compared to the controls (p=0.01) at baseline (p =0.03), a reduction in signal
complexity at F3-F7 at rest in the COVID-19 group at baseline and 6-12 months compared to the controls (p < 0.001), and a
reduction in Fz-F4 activity at rest from 6-12 months in the post-COVID group compared to baseline (p =0.02) and 3-6 months
(p=0.04). At 6-12 months, there was a time increase in TMT-A in the COVID-19 group compared to that in the controls
(p=0.04). Some correlations were found between EEG data and cognitive test in both groups. In conclusion, there was a
reduction in brain activity at rest in the Fz-F4 areas and during high cognitive demands in the F3-F7 areas. A reduction in signal
complexity in F3-F7 at rest was found in the COVID-19 group at 6-12 months after acute infection. Furthermore, individuals
with COVID-19 experience long-term changes in cognitive function.

Keywords
SARS-CoV-2, COVID-19, electroencephalography, cognition

Received December 8, 2021; revised May 5, 2022; accepted May 10, 2022.

may facilitate virus entry into the brain by circulation, cranial
nerve I, or the olfactory bulb.”® ACE-2 is expressed in

Introduction

The coronavirus disease 2019 (COVID-19) outbreak in China
has rapidly spread, resulting in a large number of cases and
deaths worldwide." The most common symptoms of viral infec-
tion are fever, dry cough, and fatigue.? However, some studies
have found links between severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection and neurological dys-
function both in the early stages® and the long term (long
COVID).* According to recent studies, 36.4%> and 57.4%° of
patients had early neurological manifestations such as head-
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ache, dizziness, acute cerebrovascular diseases, and a decreased
level of consciousness, in addition to long cognitive deficits in
executive function, attention, language, and delayed recall.®
The interaction of SARS-CoV-2 and angiotensin-converting
enzyme-2 receptor (ACE-2)-expressing neuronal/glial cells
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various brain regions, such as the substantia nigra, ventricles,
middle temporal gyrus, posterior cingulate cortex, and olfactory
bulb.!® The virus can move into cerebral circulation, and once
inside the brain, it can infect neural cells, astrocytes, and micro-
glia.'" These cells express ACE-2, which initiates the viral
budding cycle, followed by neuronal damage and inflamma-
tion.'> Furthermore, a cytokine storm is observed in some
patients with COVID-19, and some cytokines can cross the
blood-brain barrier and activate the brain’s immune cells to
produce neural cytokines, leading to brain dysfunction.®

Several authors have observed that COVID-19 can change
brain activity and connectivity,'>~'* and a pronounced reduc-
tion in gray matter thickness in the orbitofrontal cortex,'®
causing cognitive dysfunction for months after the infection
has resolved.!” In addition, there are increasingly frequent
reports of memory impairment, concentration difficulties, and
long-term neuropsychiatric symptoms.'® In a UK Biobank
imaging study, multimodal brain imaging data were obtained,
and the authors showed modifications in some brain regions
in milder cases of SARS-COV-2.' On the other hand, there
are other cost-effective ways to analyze brain activity in mild
to moderate COVID-19, such as electroencephalography
(EEG). EEG is one of the few techniques that allow the nonin-
vasive study of brain functioning with good time resolution.’

EEG and cognitive tests can be simple and effective in
assessing brain activity and the evolution of cognitive perfor-
mance in the long term after COVID-19.?' Several studies
have developed EEG-based measures of cognitive function.??
In particular, time domain Hjorth parameters, such as, activity,
mobility, and complexity are useful to detect the abnormal brain
functions based on nonlinear EEG features.>> Theses parameter
have achieved successful results, including detection of epi-
lepsy,?* depressive status®> and neurodegenerative disorders.
In addition, activity, mobility, and complexity?’ are considered
good indicators of the functional states of the brain,?® and are
associated with brain metabolic changes®® and mild cognitive
impairment.*® Therefore, nonlinear EEG features are also a
good tool for cognitive processes research in neurological and
psychiatric disorders of our interest.

Graham et al emphasized the importance of long-term
studies to assess the cognitive impact of SARS-CoV-2 infec-
tion in non-hospitalized individuals, who comprise the major-
ity of COVID-19 patients.’’ EEG changes following
COVID-19 may be independent of the severity of the acute
infection and suggest a link with ongoing neuropsychiatric
symptoms. More follow-up data are needed to confirm
COVID-19’s reversibility and/or evolution.>® There is much
evidence of brain-related abnormalities in COVID-19;
however, it remains unknown whether the impact of
SARS-CoV-2 infection can be detected in milder and moderate
cases. Therefore, a standardized investigation of EEG and cog-
nitive symptoms during the long COVID-19 is required to
better understand the evolution of the disease, outline appropri-
ate treatment procedures, and clarify the evolution and impact
of SARS-CoV-2.

Two questions must be answered in this context. (1) Do
EEG changes occur during the evolution of COVID-19? (2)
Are there any long-term cognitive effects of COVID-19? This
study aimed to examine changes in electrical brain activity
and cognitive function in people with mild to moderate
COVID-19 over the course of a year. This study hypothesized
that electrical brain activity and cognitive functions would be
reduced in the first months compared to non-COVID-19 indi-
viduals, with progressive changes over the year.

Materials and Methods
Study Design, Setting, and Participants

This 12-month prospective cohort study included patients with
and without COVID-19. This research was performed at XXX
between September 2020 and September 2021. We prospec-
tively analyzed 83 individuals (53 individuals with
COVID-19 and 30 healthy volunteers without COVID-19).
The COVID-19 diagnosis was confirmed using SARS-CoV-2
reverse transcription-polymerase chain reaction (RT-PCR) of
nasopharyngeal swabs. The control group criteria were that
they should be negative for COVID-19 at the time of evaluation
and should not have had a positive diagnosis of COVID-19 or
be asymptomatic since the beginning of the pandemic.

Individuals were recruited via radio television, and digital
media (Instagram, Facebook, Twitter, and WhatsApp), and
also referred through the Uberaba municipal health department.
This study was approved by our institutional review board
(CAAE: 30684820.4.0000.5154).

Eligibility Criteria

Individuals with mild to moderate COVID-19 symptoms who
met the COVID-19 diagnostic standard, had an education
level greater than nine years (completed at least a junior
middle school level of education), and could complete the
tests independently were included. Based on the imaging exam-
ination, mild COVID-19 was defined as mild clinical symptoms
without pneumonia. Moderate COVID-19 was defined as fever
and respiratory symptoms with pneumonia without ICU admis-
sion or mechanical ventilation.*

Individuals without COVID-19 infection who were 18 years
or older, able to understand the tests, had visual acuity (VA >
0.8) in the Snellen test,** normal auditory acuity in the Weber
and Rinne test,>* and had retained cognitive ability comprised
the control group. Patients with severe and critical
COVID-19; a history of mental disorders; current treatment
for mental illnesses, such as antipsychotics, antidepressants,
mood stabilizers, antiepileptics, benzodiazepines, and other
drugs that may interfere with the assessment; severe physical
illnesses that may interfere with the assessment; a history of
drug abuse or drug dependence due to interference in cortical
excitability; serious suicidal thoughts; pregnant or lactating
women; and others were excluded. During follow-up,
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individuals were excluded from the study if they did not complete
the proposed tests at the time of collection, did not attend reassess-
ments, were exposed to a new COVID-19 infection, or had a
neurological or psychiatric disease unrelated to COVID-19 infec-
tion during follow-up were excluded from the study.

Procedures

All participants filled out an electronic form regarding their health
and were later referred for screening to confirm the diagnosis of
COVID-19. Individuals were directed to the study evaluation pro-
tocol after confirmation by RT-PCR. The principal investigator
and research team performed all tests three times within a year
of COVID-19 diagnosis: (a) baseline (15 days after RT-PCR +),
(b) 3-6 months after acute infection, and (c) 6-12 months after
acute infection. The control group underwent only one test, and
all individuals tested negative for RT-PCR. All study investigators
were instructed on each protocol item (Supplemental File 1).

Variables

Outcomes. Features (activity, mobility, and complexity) were
estimated from electrical brain activity measured by EEG and
cognitive functions measured by the Montreal Cognitive
Assessment (MoCA), Trail Making Test (TMT), Part A and
Part B), and digit span (DS) tests.

Exposures. Individuals with SARS-CoV-2 laboratory-positive
(baseline; 3-6 months; and 6-12 months) and 30 laboratory-
negative individuals with SARS-CoV-2 infection.

Potential Confounders. Demographic and clinical variables (age,
sex, race, BMI, schooling), pre-existing comorbidities, hospital
anxiety and depression scale (HADS), Nottingham sensory
assessment (NSA), Medical Research Council (MRC) scale,
and post-COVID-19 functional status (PCFS) scale.

Data Sources/Measurement.
a) Demographic and clinical variables

Age, race, ethnicity, socioeconomic status, and formal edu-
cation were reported by patients or their legal representatives in
an interview. Medical history, including main comorbidities
and neurological evaluation, was determined during the partic-
ipants’ screening. Neurological evaluation included anxiety and
depression evaluation by HADS (values greater than 9 points
individuals had anxiety or depression),*® somatosensory func-
tion by Nottingham sensory assessment (NSA) (higher values
indicate better somatosensory function),*® and muscle strength
by the Medical Research Council (MRC) scale (total score
ranges from zero to 60, with higher values indicating better
global muscle strength).*”

b) Post-COVID-19 functional status (PCFS) scale
This scale was used to assess the level of impairment in the
functional status of patients with COVID-19.*® The PCFS scale

stratification is composed of five grades: grade 0 (no functional
limitations), grade 1 (negligible functional limitations), grade 2
(slight functional limitations), grade 3 (moderate functional
limitations), and grade 4 (severe functional limitations).

c¢) Cognitive function evaluation

Cognitive screening was performed using three tests: 1)
MoCA; 2) TMT; and 3) DS. The MoCA tests ten cognitive
domains using rapid, sensitive, and easy-to-administer cogni-
tive tasks to evaluate global cognitive function. The total pos-
sible score was 30 points, with a score of 26 or above
considered normal.*® The TMT consists of 25 circles distribu-
ted on a sheet of paper. In Part A, the circles were numbered
1-25, and the participant drew lines to connect the numbers
in ascending order. In Part B, the circles included two
numbers (1-13) and letters (A-L). The participant was then
instructed to connect the circles as quickly as possible
without lifting the pen or pencil from the paper, marking the
time that the individual took to connect the circles using a
chronometer.*® The difference between the raw scores for
the TMT-A and TMT-B was computed as TMT-B minus
TMT-A. Subtracting the time of TMT-A from that of
TMT-B is important for analyzing more complex executive
functions such as cognitive flexibility.** The DS test consisted
of eight series for forward order (DSF) and seven for backward
order (DSB), with a gradual increase in the number of digits in
each series. The test started with three numbers, and direct
order was applied first. This was followed by the inverse,
which was administered independently if the participant
completely failed in the direct order. Each item consisted of
two sets of digits, constituting two attempts, both of which
were applied. The maximum possible score on the test was
30 points. A researcher recorded the test numbers such that
the same was applied to all participants to avoid bias in the
speed, intensity, and pitch of the voice.*'

d) Brain electrical activity

This outcome was assessed using electroencephalography
(EEG CGX Dev Kit, CGX A Cognionics Company, San
Diego, CA) using the international 10-20 system for electrode
placement.** Individuals’ EEG data were collected during
three tasks: 1) at rest, 2) while performing the TMT-A (low cog-
nitive demand), and 3) while performing the TMT-B (high cog-
nitive demand). For the experimental protocol, the patients
were instructed to refrain from engaging in strenuous activities
and consuming beverages containing caffeine, alcohol, or
tobacco for 24 h before the test.

Individuals were then evaluated in a room with few external
influences (noise, lamps, or electromagnetic waves). Thus, the
signals for each task were collected while the participants
were comfortably seated in a chair, and the hydroflex electrodes
were placed on the scalp using an EEG cap (Kandel Medical,
Sao Paulo, Brazil) (Figure 1). The impedance was kept below
5 kQ for all participants. In addition to skin abrasion, hydroflex
electrodes were used with the application of conductive gel to
reduce the impedance.
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Figure |. EEG protocol. (A): PFC EEG acquisition; (B) EEG acquisition at rest; (C) EEG acquisition during TMT-A (low cognitive demand); (D)

EEG acquisition during TMT-B (high cognitive demand).

The acquisition system in use had four differential channels
in a bipolar configuration with dry electrodes positioned over
these areas (F3-F7, Fz-F3, Fz-F4, and F4-F8) and grounding
electrodes on the earlobe (A1 and A2). The bipolar, ie, differen-
tial EEG montage was used to deliberately differencing poten-
tials between spatially adjacent locations as this may lead to
improved signal-to-noise ratio of the collected signal. This
type of configuration is also known as longitudinal configura-
tion and widely employed in clinical practice.*’ For hardware

conditioning of the EEG signals, the captured signals were
amplified by an RHD200 (Intan Technologies) amplifier and
filtered with second-order Butterworth low-pass and high-pass
filters with cutoff frequencies of 70 and 1 Hz, respectively.
To reduce potential power line interference, a notch filter
with a cutoff frequency of 60 Hz was used. Furthermore,
signals were filtered in both the forward and reverse directions
using zero-phase digital filtering to remove the direct-current
voltage (DC) level. All the signals were captured at 1 kHz
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and transferred to a laptop computer via a USB cable. EEG
signals were recorded in the traditional Intan file format for
further analysis.

e) EEG signal processing

Signal processing was performed using R project for statis-
tical computing (version 4.1.0). The main steps were as
follows:

e.1) Signal visualization

Signal visualization is an important step in signal process-
ing. This step allows us to observe how the waveforms of the
EEG signals differ between channels. It can also display
changes in amplitude over time as well as the order of magni-
tude of the signals.

e.2) Resampling

EEG signals were recorded at a sampling rate of 1 kHz. The
collected data were resampled at a sampling frequency of
200 Hz to reduce the computational cost of processing,
without compromising the waveform and behavior of the
EEG signals.

e.3) EEG signal decomposition

Complete ensemble empirical mode decomposition with
adaptive noise (CEEMDAN) was used to decompose pre-
processed EEG signals. To obtain information regarding the
fundamental components that compose each EEG signal, 11
intrinsic mode functions (IMFs) and a residual component
were estimated. IMFs are components that describe oscillation
modes embedded in a signal. The residual component is a non-
oscillatory mode, defined as the trend mode.

CEEMDAN is a variation of the ensemble empirical mode
decomposition (EMD) algorithm, which provides an exact
reconstruction of the original signal with improved IMF spec-
tral separation. This is owing to the inclusion of Gaussian
noise components in the sifting process of each IMF to
address the EMD decomposition scale inconsistency.
Complete ensemble EMD with adaptive noise (CEEMDAN)
is a variation of Empirical Mode Decomposition (EMD) that
improves the process of estimating basic oscillations from
EEG signals.** The benefit of decomposing the signal is that
no assumptions about its frequency content are made, as is
the case with standard band-pass band filters (eg, a
Butterworth filter). Another advantage of decomposition is
that it allows the estimation of features from each component,
providing a relevant way to capture the underlying information
in the signal.

e.4) Signal windowing

Signal windowing, such as changes in amplitude, variability,
or frequency, is commonly used to capture changes in the signal
over time. Windowing allows the estimation of the characteris-
tics to capture the local behavior of the signal over time. Each
IMF was windowed using a rectangular window of 1s with
50% overlap so that features could be extracted from each
window.

e.5) Feature extraction

The activity, mobility, and complexity are estimated for each
window of the estimated IMF. These features are the parame-
ters proposed by Hjorth for a quantitative description of EEG.
In general, the Hjorth method allows the interpretation of
EEG signals in the frequency domain through features esti-
mated in the time domain. This is because the Hjorth parame-
ters are based on spectral moments.>’ >’

The activity (¢?), as defined in (1), is the squared standard
deviation of the amplitude, which is the variance of the
signal. In the time domain, it is a measure of variability in the
amplitude of the EEG signal. That is, the variance measures
the form of data distribution in relation to the mean. On the
other hand, activity refers to the mean power of the signal in
the frequency domain.

1 N 5
2__§ -
G—N lil(x, ﬂ),

where N is the number of samples of the signal, x; is the i — th
data sample, and u corresponds to the mean of the signal.
Mobility (mob) is defined as in (2)
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04
mob = —,
c

@

where 6, corresponds to the standard deviation of the first
derivative of the signal and o is the signal variance (ie, the
square root of activity). In the frequency domain, the Hjorth
parameter can be interpreted as the mean frequency of the
signal.

Complexity (comp) is defined as the relationship between
the mobility of the first derivative and that of the signal, as
expressed in (3). This feature describes the degree of irregular-
ity of the signal with reference to the pure sine wave, and con-
sequently, represents the changes in the frequency of the signal.

— €

where o, corresponds to the standard deviation of the second
derivative of the signal.

The median of each feature was calculated by considering
the individual values of each feature in the signal window.
Essentially, the median is a measure of the central tendency
that describes typical data behavior. Unlike mean, this statistic
is less sensitive to outliers and skewed data. As a result, this
procedure was carried out to eliminate the contribution of fea-
tures extracted from signal windows with potential ocular arti-
facts (such as eye blinks and movements) inherent in the test
execution (TMT-A and TMT-B).

Signal windowing makes the characteristics sensitive to
changes in signal behavior over time because these artifacts
typically have a higher amplitude than the EEG signal.
Consequently, even if the participant blinks, the median can
accurately describe the typical behavior of the estimated charac-
teristics for each segment.
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Table 1. Clinical and Demographic Profile of Both Groups.

COVID-19 Control
(n=53) (n=30) P-value

Age, year (median [IQR])' 42.3 (25 - 69) 37.9 (21 - 55) 0.78
Sex, n (%)*

Males 16 (30.2) 8 (26.7)

Females 37 (69.8) 22 (73.3) 0.80
Race, n (%)*

White 42 (79.2) 24 (80.0) 0.99

Black 9 (16.9) 5(16.7)

Asian 2 (3.7) 1 (6.7)
BMI, kg/m? (median [IQR])' 27.8 (19.2 - 46.0) 26.4 (20.8 - 34.8) 0.37
Years of studying, (median [IQR])’ 14.3 (11 -21I) 14.8 (10 - 22) 0.78
Any pre-existing comorbidities n (%)*

Cardiovascular disease’ 16 (37.2) 12 (40.0) 0.47

Lung disease* 12 (22.6) 7 (23.3) 0.99

Type 2 Diabetes 15 (28.3) 9 (30.0) 0.99

Hematological disease 4 (7.5) 2 (6.7) 0.99

Hepatic disease 2 (3.7) 0 (0) 0.53

Renal disease 1 (1.9) 1 (6.7) 0.99
Socio-economic status

Family income ($)(median [IQR])’ 412.0 (0 - 986.0) 421.7 (0 - 986.0) 0.68

Class |, n (%) 9 (16.9) 6 (20.0) 0.77

Class Il, n (%) 12 (22.6) 8 (26.7) 0.79

Class llla, n (%) 10 (18.9) 5(16.6) >0.99

Class lllb, n (%) 14 (26.4) 6 (20.0) >0.99

Class IVabc, n (%) 8 (15.1) 5(16.6) >0.99
Neurological evaluation

HADS (median [IQR])’ 10.0 (1.0 - 18,0) 9.0 (2.0 - 21.0) 0.45

NSA (median [IQR])' 241.8 (224 - 241) 242.9 (233 - 244) 0.89

MRC (median [IQR])' 56 (52 - 60) 60 (58 - 60) 0.47
PCFS (median [IQR])’ 1.5(0-3) 0

IQR: interquartile range; Class I: professionals, administrators and managers, higher-grade; Class |I: professionals, lower-grade, and higher-degree technicians; Class
Illa: routine non-manual employees, higher-grade; Class Illb: routine non-manual employees, lower-grade; Class Vabc: small proprietors and employers, and
self-employed workers; BMI: body mass index; HADS: Hospital Anxiety and Depression Scale; PCFS: post-COVID- 19 functional status scale; NSA: Nottingham
sensory assessment; MRC: Medical Research Council scale; |: Mann-Whitney U test; 2: X* test. 3 — COVID-19 group: hypertension (n = 12), congestive heart
failure (n= 1), and atrial fibrillation (n = 3). Control group: Hypertension (n =9), congestive heart failure (n = ), and atrial fibrillation (n =2). 4 - COVID-19 group:
obstructive sleep apnea (n = 6), asthma (n =4), and chronic obstructive pulmonary disease (n =2); control group: obstructive sleep apnea (n =4), asthma (n=2),

and chronic obstructive pulmonary disease (n=1I).

Statistical Methods

Data normality was analyzed using the Shapiro-Wilk test.
Continuous demographic data are described as medians and
ranges, and categorical data are described as percentages.
Continuous demographic data were compared using the
Mann-Whitney U test, and categorical data were compared
using the chi-square test. The Mann-Whitney U test for numer-
ical variables and chi-square or Fisher’s exact test for categor-
ical variables were used to identify potential confounders.

For EEG analysis, we used three multivariate analyses of
variance (MANOVAs) with dependent variables: three EEG
characteristics and independent variables: channels, tasks, and
groups. Group variables (between effects) were considered: 1)
control group; 2) COVID-19 at 0-3 months or COVID-19 at

3-6 months or COVID-19 at 6-12 months. In addition,
another MANOVA was conducted, with dependent variables:
three EEG characteristics, and independent variables: channels,
tasks, and evaluation time (within effects). The evaluation time
variables were as follows: 1) COVID-19 at 0-3 months; 2)
COVID-19 at 3-6 months; and 3) COVID-19 at 6-12 months.

For cognitive analysis, we used three MANOVAs with
dependent variables (MoCA, TMT-A, TMT-B, DSTFN,
DSTBN, DSTFL, and DSTBL) and independent variables
(groups). Group variables (between effects) were considered:
1) control group; 2) COVID-19 at 0-3 months or COVID-19
at 3-6 months or COVID-19 at 6-12 months. In addition,
another MANOVA was conducted, with dependent variables:
MoCA, TMT-A, TMT-B, DSTFN, DSTBN, DSTFL, and
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DSTBL; and independent variables: evaluation time (within
effects). The evaluation time variables were as follows: 1)
COVID-19 at 0-3 months; 2) COVID-19 at 3-6 months; and
3) COVID-19 at 6-12 months. A Bonferroni correction was
conducted for each comparison.

In addition, there was performed Spearman’s rank correla-
tion test between EEG parameters (activity, mobility, and com-
plexity) and cognitive tests in both groups. Data were analyzed
using the GraphPad Prism software (version 8.0). Statistical
significance was set at P < 0.05.

Results

Demographic and Clinical Data

We screened 135 individuals over the course of a year. Fifty-two
patients did not meet the criteria for study inclusion due to: severe
COVID-19 (n=20), education level less than nine years (n=11);
use of antidepressants or mood stabilizers (n=38), history of
alcohol abuse (n=2), pregnant women (n=2), and non-
attendance for reassessments (n=9). Of the 83 patients included
in this analysis, 53 were infected with COVID-19 and 30 were
controls. In the COVID-19 group, the mean age was 42.3
years, 69.8% were women, and 79.2% were white. And, In the
control group, the mean age was 37.9 years, 73.3% were
female, and 80.0% were white. The clinical and demographic pro-
files of both the groups are summarized in Table 1.

None of the patients had acute COVID-19 symptoms during
cognitive and EEG evaluations. However, during the first evalua-
tion, the individuals after COVID-19 presented the following clin-
ical manifestation: anosmia (n=31), dysgeusia (n=28), muscle
weakness (n=21), dizziness (n = 16), mental confusion (n=13),
irritability (n=10), brain fog (n=9), headache (n=_8), walking
problems (n=38), arthralgia (n=7), and myalgia (n=7). The
second evaluation (3-6 months) revealed hyposmia (n = 18), dys-
geusia (n=13), muscle weakness (n=12), brain fog (n=15),
and fatigue (n=16). And at the last evaluation (n=6-12

months), hyposmia (n=12), dysgeusia (n=38), brain fog (n=
17), and fatigue (n = 16) were observed.

Cognitive Function Over one Year

There was a statistically significant difference in the fixed-effect
model for cognitive function (F [DFn, DFd] [F (1767, 22.97) =
1.52]; p=0.03). In the Bonferroni correction, an increase in exe-
cution time was observed during TMT-A in the COVID-19 group
at 6-12 months compared to the baseline values in control group
(MD: —8.1; 95% CI —16.6 a —0.08; p=0.04). The median and
range scores of the cognitive tests are reported in Table 2.

Brain Electrical Activity Over one Year

For the F3-F7 channel, a statistically significant difference was
observed in the activity data during the high cognitive demand
with the TMT-B (F [DFn, DFd] [F [3.0, 23.61]=5.89);
p=0.003) and complexity at rest (F [DFn, DFd] [F [3.0, 34.03]=
7.01); p=0.0008). In the Bonferroni correction, there was a reduc-
tion in F3-F7 activity observed during TMT-B in the COVID-19
group at 6-12 months compared to the baseline values from
control group (MD: 3.8; 95% CI 0.32 to 7.27; p=0.01) and com-
pared to the COVID-19 group at baseline (MD: 14.04; 95% CI
—0.71, 28.8; p=10.03). There was a reduction in signal complexity
at F3-F7 at rest in the COVID-19 group at 6-12 months compared to
the baseline values in control group (MD: 2.82; 95% CI 1.35 to
4.29; p < 0.001) and the COVID-19 group at baseline (MD:
2.51; 95%CI 1.09 to 3.98; p < 0.001) (Figure 2).

There were no differences in activity, mobility, and com-
plexity at rest or during cognitive tasks (TMT-A and TMT-B)
in the Fz-F3 channels (Figure 3). There was a statistically sig-
nificant difference in the Fz-F4 activity at rest (F [DFn, DFd] [F
(3, 65)=3.737; p <0.0001). In the Bonferroni correction, a
reduction in Fz-F4 activity was observed to occur at rest from
6-12 months in the post-COVID-19 group compared with base-
line (MD: 4.26; 95% CI 0.38 to 8.21; p=0.02) and 3-6 months
(MD: 5.25; 95% CI 0.08 to 10.43; p=0.04) (Figure 4). There

Table 2. Cognitive Changes of the Control Group and During the one Year of Follow-up in the COVID-19 Group.

Control 2 COVID-19
Reference values 0-3 months 3-6 months 6-12 months

MoCA 25.0 (17.0 - 30.0) 25.0 (20.0 - 30.0) 26.0 (23.0 - 30.0) 26.0 (11.0 - 29.0)
TMT-A (s) 26.8 (17.6 - 47.1)* 30.8 (18.1 - 48.7) 28.3 (17.8 - 53.7) 32.7 (20.6 - 120.7)*
TMT-B (s) 64.6 (36.7 - 155.2) 64.4 (48.1 - 114.1) 67.7 (45.4 - 188.6) 76.5 (37.3 - 207.5)
TMT (B-A) 32.6 (-1.7 - 49.9) 38.1 (19.9 - 72.3) 36.3 (23.1 - 62.2) 43.9 (16.0 - 86.8)
DSFN 29.0 (11.0 - 49.0) 36.0 (10.0 - 75.0) 28.5 (13.0 - 64.0) 41.5 (14.0 - 72.0)
DSBN 17.0 (8.0 - 34.0) 21.0 (2.0 - 41.0) 17.0 (8.0 - 33.0) 17.5 (14.0 - 2.0)
DSFL 7.0 (4.0 - 10.0) 9.0 (3.0 - 13.0) 7.0 (3.0 -.0) 9.0 (4.0 - 13.0)
DSBL 5.0 (3.0 - 8.0) 6.0 (1.0 - 9.0 5.0 (3.0 - 9.0) 5.0 (1.0 - 8.0)

a = Statistically significant difference.

MoCA = Montreal cognitive assessment; TMT-A = trail making test part A; TMT-B = trail making test part B. TMT (B-A): differences between trail making test parts
B and A; DSFN = digit span forward numbers. DSBN = digit span backward number, DSFL = digit span forward line. DSBL = digit-span backward line.
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Figure 2. Statistical properties used in signal processing in the time domain of the F3-F7 channel in the control and COVID-19 groups. (A)
F3-F7 activity at rest; (B) F3-F7 activity during TMT-A; (C) F3-F7 activity during TMT-B; (D) F3-F7 mobility at rest; (E) F3-F7 mobility during
TMT-A; (F) F3-F7 mobility during TMT-B; (G) F3-F7 complexity at rest; (H) F3-F7 complexity during TMT-A; (I) F3-F7 complexity during

TMT-A.

were no differences in activity, mobility, and complexity at rest
and during cognitive tasks (TMT-A and TMT-B) in the F4-F8
channels (Figure 5).

A graphical illustration of the EEG spectra for each electrode
channel after EEG processing is shown in Supplemental File 2.

Correlation Between EEG Parameters
and Cognitive Tests

In the control group, a negative correlation was found between
EEG complexity during TMTA with TMTB test (r=—-0.41;p=

0.043) in F3-F7. A positive correlation was found between
EEG complexity during TMTB with DSF test (r=0.58; p=
0.004) and EEG complexity during TMTB with DSB test (r=
0.51; p=0.014) in Fz-F4.

In the COVID-19 group (0-3 months), a negative correlation
was found between EEG activity during TMTA with TMTA test
(r=-0.40; p=0.040) in Fz-F3; positive correlation was found
between EEG complexity during TMTB with DSB test (r=0.62;
p=0.034) in Fz-F4; and negative correlation was found between
EEG activity during TMTB with TMTB test r=-0.71; p=
0.016) in F4-F8. In the COVID-19 group (3-6 months), a negative
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Figure 3. Statistical properties used in signal processing in the time domain of the Fz-F3 channel in the control and COVID-19 groups. (A)
Fz-F3 activity at rest; (B) Fz-F3 activity during TMT-A; (C) Fz-F3 activity during TMT-B; (D) Fz-F3 mobility at rest; (E) Fz-F3 mobility during
TMT-A; (F) Fz-F3 mobility during TMT-B; (G) Fz-F3 complexity at rest; (H) Fz-F3 complexity during TMT-A; (l) Fz-F3 complexity TMT-A.

correlation was found between EEG complexity during TMTA
with TMTA test (r=—0.67; p=0.029) in F3-F7; and positive cor-
relation was found between EEG activity during TMTA with
MOCA (r=0.78; p=0.007) in Fz-F3. In the COVID-19 group
(6-12 months), a positive correlation was found between EEG com-
plexity during TMTA with MOCA (r=0,80; p=0024) in F3-F7.

Discussion

This study found changes in brain activity and cognitive function
after post-COVID-19 over a one-year period. A decline in cognitive

function was observed within 6-12 months after COVID-19. During
the same period, brain electrical activity was reduced at rest in the
Fz-F4 areas and during high cognitive demands in the F3-F7
areas. A reduction in signal complexity in F3-F7 at rest was found
in the COVID-19 group at 6-12 months after acute infection.

Our study observed a reduction in brain electrical activity in
Fz-F4 at rest and in F3-F7 during tasks with high cognitive
demand for 6-12 months after COVID-19 infection.
Abnormalities in EEG after COVID-19 have been extensively
investigated. Many studies have reported that SARS-CoV-2
spike proteins can be detected in the brain.*>*® Some studies



552

Clinical EEG and Neuroscience 53(6)

(a) (b) (c)
.. 15
b - . )
20+ Lod c 8+ -
5 J
° ¢ ® 10 °
15 @ 6 - o
2 . 2 L] ° 4 2
2 l 2 ois . * 2 .
g % ° ::6 e < & ] °
< 104 o, - ° o . . E e
51
. °® b4 . °
. : dbc oo . N 1 < ®
51 ® % 2 ..o. o s . Ce ®e .
° % o oo 0e0® ° [ 34 o, 82 :. o o
) Se® o 0 (34 e See s %8 L 320 o ee 88,
Q}t :':o: e ..3“ s . ° ° o
. Y
T T T T T T T T T LB T T
control baseline 36 6-12 | control | baseline 36 6-12 | control baseline 36 6-12 |
COVID-19 COVID-19 COVID-19
(d) (e) ®
0.7 o 0.:
0.6 ] ]
050 0503
2 2 ] 2 E
5 0.5 £ =
°
2 2 ] I
0.457 0.45+
0.4+ 4 ]
> ! ci . ) = : ’ T > rol baseli 36 612
control baseline 36 6-12 | control baseline 3-6 6-12 | conte! aseine = z |
COVID-19 COVID-19 COVID-19
(9) (h) U]
8 1.25— 1.5+
6 1.20+ ——& i €
£ 2 1.0
x % 2
3 3 %
o 4- ° 1.15+ °
£ £ o
o S £
o e 38
0.5+
2+ 1.10+
o J T T T 1.05 T T T T
control baseline 3-6 6-12 control baseline 3-6 6-12 0.0 T T T T
| | control baseline 3-6 6-12
COVID-19 COVID-19 |
COVID-19

Figure 4. Statistical properties used in signal processing in the time domain of the Fz-F4 channel in the control and COVID-19 groups. (A)
Fz-F4 activity at rest; (B) Fz-F4 activity during TMT-A; (C) Fz-F4 activity during TMT-B; (D) Fz-F4 mobility at rest; (E) Fz-F4 mobility during
TMT-A; (f) Fz-F4 mobility during TMT-B; (G) Fz-F4 complexity at rest; (H) Fz-F4 complexity during TMT-A; (I) Fz-F4 complexity during

TMT-A.

have observed changes in EEG function, such as the distribution of
EEG bands, structure of spectral entropy, and hemispheric connec-
tivity.?>2® Vellieux et al ** showed that frontal EEG abnormalities
could emphasize the hypothesis that SARS-CoV-2 enters the brain
through olfactory structures and then spreads to the central nervous
system via the frontal lobes.

Another changed EEG parameter was the reduction of com-
plexity in F3-F7 at rest 6-12 months after COVID-19 acute
infection. EEG abnormalities, such as reduced EEG complex-
ity, are associated with cognitive deterioration.*”*® Many

authors have found an association between EEG complexity
and the presence of neuropsychological impairments in the
long term.**=! Jeong highlights that the reduction in complex-
ity can be explained by the deficiency of neurotransmitters,
such as acetylcholine, and/or loss of connectivity of local neu-
ronal networks.** We did not observe changes in the mean fre-
quency (mobility) over the one-year period, and there were no
significant differences between the COVID-19 and control
groups. Other studies have shown that mobility could be
altered in some neurological conditions, such as dementia,
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Figure 5. Statistical properties used in time domain signal processing of the F4-F8 channel in the control and COVID-19 groups. (A) F4-F8
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and in the cerebral activity of subjects with "forgetfulness”.>'~

33 However, mild-to-moderate COVID-19 did not cause
changes in the neuronal networks to the point of altering
EEG mobility.

Several studies have demonstrated the utility of these fea-
tures in the analysis of EEG signals. For instance, they have
been used in brain-computer interface (BCI) control and
EEG-controlled robotic navigation,** as well as in the assess-
ment of mild cognitive impairment,**>> attention deficit hyper-
activity disorder,”® neurodegenerative disorders such as

Alzheimer’s disease,?® and extraction of information from dif-
ferent biomedical signals.>’~>°

We also observed a decline in cognitive function 6-12
months after acute COVID-19 infection, as demonstrated by
TMT-A. The COVID-19 patients also showed an increase in
TMT time (parts B and B-A), with high variability of execution
times in the tests over the one-year period after infection;
however, this difference was not statistically significant.
Similarly, Douaud et al found a significantly greater increase
in the time taken to complete Trails A (numeric) and B
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(alphanumeric) of the Trail Making Test in the mild
SARS-CoV-2 group.'” The TMT assesses the aspects of sus-
tained attention, alternating attention, mental flexibility, visual
processing speed, and motor function. It also assesses the
ability to search through visual scanning and inhibition.®® It
is considered a useful tool in research and clinical practice
because of its sensitivity to frontal lobe damage and
dementia.®'-%?

Other studies have also observed long-term cognitive and
neuropsychiatric alterations after COVID-19.*%* This study
provides evidence for substantial neurological and psychiatric
impairments six months after COVID-19 infection, and these
changes were not limited to patients with severe COVID-19.%
Al-Aly et al showed that beyond the first 30 days of illness,
people with COVID-19 exhibit sequelae in the respiratory
system as well as several other sequelae, including nervous
system and neurocognitive disorders.’® In addition, Graham
et al demonstrated disturbances in processing speed, attention,
executive function, and working memory 6-12 months after
COVID-19 infection. In addition, our findings highlight a pro-
gressive alteration in both cognitive and EEG functions over
time, which may suggest brain function deterioration.

Some authors have reported both direct and indirect mecha-
nisms effects involved in long-term cognitive changes in patients
after COVID-19.°¢%7 Could there be long-term viral reactivation
or immune system hyperactivity?*® Would there also be associ-
ated extrinsic aspects, such as environmental changes, social iso-
lation, personal and economic factors, and lifestyle changes that
could later modify neurological and neuropsychiatric func-
tion?°¢%® A better understanding of the direct and indirect
effects is required in addition to the biological mechanisms
and epidemiological determinants of the long-term conse-
quences of COVID-19 to improve the rehabilitation process.®®

In our study we found important correlations between the
nonlinear EEG features and cognitive tests in both groups. In
the control group, we observed that the reduction in EEG activ-
ity during the cognitive task is associated to the increase in the
time of TMT-A and TMT-B. In addition, reduction in EEG
complexity during cognitive task was associated with worsened
in digit span test. In the COVID-19 group we also find that the
reduction in EEG activity and complexity during the cognitive
task was associated with the worsening of cognitive tests in all
COVID-19 phases. The associations between EEG characteris-
tics and cognitive tasks demonstrate the importance of this
method of analysis for understanding executive function and
monitoring patients with possible long-term cognitive
deterioration.

Study Limitations

This study had several limitations. First, and most importantly,
the small sample size prevented us from analyzing the relation-
ship between the demographic and clinical characteristics of
COVID-19 patients and EEG variables. Second, brain
imaging was not performed at baseline to exclude brain

lesions. Third, we have a limited number of EEG channels,
and we believe that, in addition to the analyzed areas, neural
networks and other brain circuits may also be affected and
deserve attention in future research. Fourth, the control group
was only investigated once without any re-testing, which
limits the interpretation of the long-term results. Fourth, we
evaluated the brain function of participants while performing
only two tasks. Many cognitive tasks exist, including process-
ing systems, perceptual domains, and difficulties. Therefore, it
would be highly speculative to extrapolate the results from a
trail-making task to other cognitive tasks. Future research
should address how changes in brain complexity are modulated
by other cognitive factors. Furthermore, an associated neuroim-
aging method could affirm if there is impairment of brain areas
in patients with mild to moderate COVID-19 in the long term,
as EEG can show associated neuronal networks and does not
always specifically show the region of the corresponding elec-
trode. We also suggest another control group with episodic
infection-provoking pneumonia not due to SARS-CoV-2
virus or non-psychiatric chronic infection to compare EEG find-
ings and cognitive functions in the long term.

Clinical Implications

Based on the observed EEG changes, can SARS-CoV-2 cause
neurological damage to the point of decreasing brain activity
and cognitive performance in the first year after COVID-19?
Can EEG be a resource to diagnose early alterations or
post-COVID syndrome, considering the signal pattern? Is
EEG a potential predictor of the progression of cognitive loss
in long COVID-19?

Our findings have important clinical implications for the
acute phase of COVID-19. EEG is a simple, low-cost method
that can be used as a diagnostic method for post-COVID-19
syndrome. Techniques such as neurofeedback or noninvasive
brain stimulation can be used to reorganize EEG changes and
improve cognitive function. In addition, these results will
help plan and develop multidisciplinary care strategies to
improve brain activity and cognitive performance among indi-
viduals with COVID-19.

Conclusion

In conclusion, there was a reduction in brain activity at rest in
the Fz-F4 areas and during high cognitive demands in the
F3-F7 areas. A reduction in signal complexity in F3-F7 at
rest was found in the COVID-19 group at 6-12 months after
acute infection. During the same period, the cognitive function
worsened. Correlations between the nonlinear EEG features
and cognitive tests were also observed in both groups.
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