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Abstract

Background and objectives To explore cognitive, EEG, and MRI features in COVID-19 survivors up to 10 months after
hospital discharge.

Methods Adult patients with a recent diagnosis of COVID-19 and reporting subsequent cognitive complaints underwent
neuropsychological assessment and 19-channel-EEG within 2 months (baseline, N=49) and 10 months (follow-up, N=33)
after hospital discharge. A brain MRI was obtained for 36 patients at baseline. Matched healthy controls were included.
Using eLORETA, EEG regional current densities and linear lagged connectivity values were estimated. Total brain and white
matter hyperintensities (WMH) volumes were measured. Clinical and instrumental data were evaluated between patients and
controls at baseline, and within patient whole group and with/without dysgeusia/hyposmia subgroups over time. Correlations
among findings at each timepoint were computed.

Results At baseline, 53% and 28% of patients showed cognitive and psychopathological disturbances, respectively, with
executive dysfunctions correlating with acute-phase respiratory distress. Compared to healthy controls, patients also showed
higher regional current density and connectivity at delta band, correlating with executive performances, and greater WMH
load, correlating with verbal memory deficits. A reduction of cognitive impairment and delta band EEG connectivity were
observed over time, while psychopathological symptoms persisted. Patients with acute dysgeusia’hyposmia showed lower
improvement at memory tests than those without. Lower EEG delta band at baseline predicted worse cognitive functioning
at follow-up.

Discussion COVID-19 patients showed interrelated cognitive, EEG, and MRI abnormalities 2 months after hospital dis-
charge. Cognitive and EEG findings improved at 10 months. Dysgeusia and hyposmia during acute COVID-19 were related
with increased vulnerability in memory functions over time.
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Introduction

The heterogeneity of acute clinical presentation of coro-
navirus disease 2019 (COVID-19) and related pathogenic
mechanisms have been largely explored in the past year
[1]. More recently, increasing awareness of long lasting
and multi-organ effects of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) have raised concerns
about their duration and reversibility [2].

Among others, reports of neurological sequelae in
COVID-19 survivors include chronic malaise, diffuse
myalgia, sleep disturbances, migraine-like headaches,
ageusia, anosmia, and cognitive impairment in a signifi-
cant proportion of patients [2, 3]. Specifically, cogni-
tive impairment in COVID-19 survivors has been amply
described with observations from 1 to 6 months after
infection recovery [4-9]. In two longitudinal studies,
altered cognitive performances were reported in 81% and
in 21% of patients, at 3- and 6-months follow-up, respec-
tively [8, 9]. However, up to date only few studies have
explored cognitive involvement through structured neu-
ropsychological assessments, with the most observing a
short follow-up and involving only few patients. Individu-
als with previous COVID-19 also experience a wide range
of persistent psychiatric disturbances including post-trau-
matic stress disorder (PTSD), depression and anxiety [8,
10, 11]. Psychiatric sequelae have been reported in 56% of
patients in a cohort of 402 COVID-19 survivors at 1 month
after hospitalization in Italy, and in almost 25% of patients
at 6 months follow-up in China [12-14].

Proposed pathogenic contributors to neurocognitive
and psychiatric involvement in ‘Post-acute COVID-19
syndrome’ might be direct cerebral viral invasion and cel-
lular damage, systemic inflammation with cytokine release
and cerebral microvascular changes [15].

Concerning brain alterations, a recent British MRI
study of 394 patients with available scans before and after
COVID-19 revealed a loss of grey matter (GM) in lim-
bic cortical areas directly linked to the primary olfactory
and gustatory systems, possible hallmark of the cerebral
spread of the virus [16]. Interestingly, in a recent Ger-
man study involving 26 COVID-19-patients, 69% of them
showed cognitive impairment immediately after infection
resolution, and two-thirds exhibited a predominant fron-
toparietal hypometabolism at brain [18F]JFDG-PET [17].
Since neuropathology excluded irreversible neocortical
damage and highlighted a pronounced microglia activation
within white matter (WM), cortical hypometabolism has
been interpreted as a consequence of remote WM or brain-
stem damage [17]. Moreover, in our previous EEG study
on 18 acute COVID-19 patients, we suggested that EEG
alterations might represent a useful tool to evaluate early

cerebral involvement in COVID-19; a frequent finding in
our cohort was an anterior prevalence of slow waves, cor-
relating with metabolic and hypoxic alterations [18-20].
None of the studies available in the literature focused on
EEG analysis after infection resolution.

Considering the lack of longitudinal studies with long
follow-up and with structured neuropsychological and EEG
assessments, we aimed at exploring longitudinal cogni-
tive and concomitant EEG features in a population of adult
COVID-19 survivors up to 10 months after hospital dis-
charge. Brain MRI at study entry was also performed to
investigate possible atrophic and/or vascular brain altera-
tions after COVID-19.

Methods
Participants and study procedures

Forty-nine consecutive adult patients recovered from
COVID-19 were recruited between April and May 2020
among those with recent (30 = 15 days) admission to Emer-
gency Room (ER) due to respiratory symptoms at the IRCCS
San Raffaele Scientific Institute, Milan, Italy. Patients were
recruited among 201 subjects evaluated at the 1-month post-
discharge neurological examination, comprehensive of past
and recent medical history collection from medical records.
In particular, cardiovascular risk factors, pre-existing
medical conditions, length of hospital stay, acute COVID-
19-related neurological symptoms, mechanical ventilation
need and type, and National Early Warning Score (NEWS)
[21] at ER admission were collected. Eligibility required:
a diagnosis of SARS-CoV-2 infection confirmed through
a positive reverse transcription-polymerase chain reaction
(RT-PCR) nasopharyngeal swab, a subsequent recovery
from acute illness with functional independence (modified
Rankin Scale < 2) [22, 23], fluency in Italian language, and
new-onset self-reported cognitive disturbances. At the time
of recruitment, all patients had a negative SARS-CoV-2 RT-
PCR test.

As part of the research protocol, clinical evaluation, neu-
ropsychological testing battery, and 19-channel EEG were
acquired within 2 months (49/49 patients—baseline) and
within 10 months (33/49 patients—follow-up) after hospital
discharge. Thirty-six out of 49 participants also underwent
a 3T brain MRI at baseline only.

Two different groups of age- and sex-matched healthy
controls, with no history of cognitive impairment or of any
other neurological disease, were retrospectively selected for
the cognitive and MRI (36 subjects) analyses and for the
EEG (33 subjects) analyses among those recruited by the
Neuroimaging Research Unit and the Neurophysiology ser-
vice, IRCCS San Raffaele Scientific Institute, respectively,
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between May 2017 and April 2020. For controls’ selec-
tion, an “exact” matching analysis was used, in which each
‘patient’ was matched to a ‘(cognitive/MRI or EEG) control’
with exactly the same age and sex (Matchlt package—R Sta-
tistical Software; version 4.0.3; R Foundation for Statistical
Computing, Vienna, Austria). A comprehensive neuropsy-
chological battery was obtained for each subject of the cog-
nitive/MRI control group, whereas no cognitive assessments
were acquired for the EEG healthy controls. Collection of
past medical history for both control groups, comprehensive
of cardiovascular risk factors and pre-existing medical con-
ditions, was made by phone calls. Data of healthy controls
were available at baseline only.

Exclusion criteria for all subjects were: medical illnesses
or substance abuse that could interfere with cognitive
functioning and EEG electrical activity; any (other) major
systemic, psychiatric, or neurological illnesses; and other
causes of focal or diffuse brain damage at routine MRI.

Cognitive study

Experienced neuropsychologists blinded to EEG and MRI
results performed neuropsychological assessments. A bat-
tery of tests investigating the main cognitive domains (global
cognition, executive functions, memory, visuospatial func-
tions, language) was implemented for patients and healthy
controls (Table e-1). At each timepoint, the presence of cog-
nitive impairment was defined by a performance lower than
the normative values (available for all tests administered to
patients) in at least two tests within the same domain.

The presence of neuropsychiatric symptoms suggestive of
depression or PTSD was defined from patients self-reports
and unstructured interviews.

EEG study
EEG acquisition

Standard EEGs were acquired during the morning and in
resting awake condition, under control of vigilance, on a
computer-based system (Micromed System PLUS, Version
1.04, Micromed S.p.A., Mogliano Veneto, Italy) from 19
standard 10/20 electrode locations with linked ear refer-
ence [24]. EEG acquisition and pre-processing were previ-
ously described [25, 26]. In particular, as last step of pre-
processing, an independent component analysis (ICA) was
performed to remove stereotyped eye, muscle and line noise
(EEGLAB toolbox within Matlab; version 2020.0) [27, 28].

Individual alpha frequency

The occipital power spectrum was obtained for each sub-
ject by averaging the spectra of occipital channels (i.e., O1
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and O2); the frequency within the extended alpha range
(7-13 Hz) showing a power peak in the occipital power
spectrum was the individual alpha frequency (IAF) [25].

Current source density analysis

Source estimation analysis was previously described [25,
26]. Experienced observers, blinded to participants’ identity,
performed the analyses. Briefly, to estimate cortical current
source densities (CSD) exact low-resolution brain electro-
magnetic tomography (eLORETA) was used [29], which
assesses current densities at 6239 voxels with zero error
localization within the cortical GM of a realistic head model
coregistered to the MNI and Talairach human brain atlases.
EEG inverse solutions were estimated at 7 frequency bands
for each subject (i.e., delta, theta, alphal, alpha2, betal,
beta2, beta3) and subsequently normalized with the eLO-
RETA total power within each of the six regions of interest
(ROI—bilateral frontal, central-temporal, and parieto-occip-
ital regions; see Table e-2) [25, 26] obtained by averaging
across all frequencies and all voxels of the ROI. Normalized
values were then averaged for all voxels belonging to each
ROI by means of a homemade Matlab routine (R2017a 9.2,
Mathworks, Natick, MA).

Connectivity analysis

To explore EEG connectivity, linear lagged connectivity
(LLC), which measures the similarity between signals in the
frequency domain, was computed using eLORETA among
each pair of ROI. Advanced graph theoretical methods were
applied, in which the functional network can be represented
as a graph, consisting of nodes (brain regions), and edges (or
connections) between regions that are functionally linked.
The theoretical and methodological approach for the EEG
network reconstruction was recently described [26]. Briefly,
undirected, weighted graphs were obtained by computing
LLC among each pair of ROI, in both groups of patients
and matched healthy controls. Mean multivariate time series
were extracted from each ROI by averaging the signal from
all voxels within each region. Subsequently, the LLC meas-
ure between the mean time series of each ROI pair, indicat-
ing the level of EEG connectivity between regions i and
j, was entered into cell c(i,j) of a matrix. LLC values are
non-negative, and take the value zero only when there is
independence between ROI time series [30].

MRI study
MRI acquisition

MR sequences acquired using a 3T MR scanner are reported
in Table e-3.
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Brain tissue volumes

Brain tissue total volume, GM and WM volumes, normal-
ized for subject head size, were estimated with SIENAX
(part of FSL 5.0.9) [31, 32]. SIENAX starts by extracting
brain and skull images from the single whole-head input
data. The brain image is then affine-registered to MNI152
space (using the skull image to determine the registration
scaling); this is primarily to obtain the volumetric scaling
factor, to be used as a normalization for head size. Next,
tissue-type segmentation with partial volume estimation is
carried out to calculate total volume of brain tissue (includ-
ing separate estimates of volumes of GM and WM).

White matter hyperintensities

WM hyperintensities (WMH) were identified on
T2-weighted scans by an experienced observer blinded to
subjects’ identity, using a local thresholding segmentation
technique (Jim Version 8.0, Xinapse Systems Ltd, Colches-
ter, UK, http://www.xinapse.com), obtaining a ROI file for
each scan. Then, for each subject, total WMH volume was
obtained. The 4D WMH lesion masks were obtained using
the following steps: (1) a WMH mask was created for each
subject using Jim; (2) T2-weighted images were coregistered
to the preprocessed DW MRI image using FMRIB's Lin-
ear Image Registration Tool (FLIRT) obtaining t2_to_ DW
image; (3) the previous registration was used to align each
WMH mask with the DW space; (4) WMH masks were then
coregistered to FMRIB standard space, obtaining a single
4D image including the spatial distribution of WMHs of
patients and healthy controls. A visual quality check at each
step was performed by an experienced observer blinded
to subjects’ identity. Subsequently, 4D WMH masks were
coregistered to USCLobes brain atlas (http://brainsuite.org/
usclobes-description) and, for each lobe, we calculated the
total number of voxels marked as part of a lesion for each
group. To be consistent with the eLORETA-based analyses
(i.e., CSD and LLC analyses), we grouped the lobes into six
macro-areas (bilateral frontal, temporal, and parieto-occip-
ital areas). Insula, cingulate and corpus callosum regions
were included in the frontal area. Brainstem and cerebellum
were not included in the analysis.

Statistical analysis
Aim 1. Cross-sectional analyses

Differences between patients and healthy controls were
assessed at baseline. Clinical-demographic variables, cog-
nitive scores, EEG (IAF and regional CSD) and MRI (brain
total, GM and WM volumes, and WMH total and regional
volumes) data were compared between groups using Fisher’s

exact test and non-parametric Wilcoxon signed-rank test
(Bonferroni-corrected for multiple comparisons, p < 0.05, R
Software) for categorical and continuous variables, respec-
tively. Network-Based Statistics (NBS) [33] were performed
to identify regional LLC alterations in COVID-19 patients
at the level of significance p <0.05 (Matlab Software). A
corrected p value was calculated using an age- and sex-
adjusted permutation analysis (10.000 permutations). Only
frequencies found significantly different between groups in
at least one EEG ROI at CSD and/or LLC analyses were
selected and employed in subsequent analyses (Aim 2, see
next paragraph).

Additionally, all possible correlations among baseline
clinical, cognitive, EEG (IAF, CSD and LLC) and MRI
(brain total, GM and WM volumes, and WMH total and
regional volumes) data of patients were assessed. Correla-
tion analyses were estimated using Spearman’s coefficient
adjusted for age, sex, and education (Bonferroni-corrected
for multiple comparisons, p <0.05, R Software).

Aim 2. Longitudinal analyses

Changes over time of cognitive and EEG data in patients
were assessed using linear mixed-effects models (Bonfer-
roni-corrected for multiple comparisons, p <0.05, R Soft-
ware). Time, age, sex, education, and individual follow-up
duration were considered as fixed effects. Random effect
of subject (ID) for each model was considered. Only the
cognitive and EEG variables showing a significant change
were considered into the following subgroup analyses (Aim
3, see next paragraph).

Correlation analyses between cognitive and EEG data
of patients at follow-up were estimated using Spearman’s
coefficient adjusted for age, sex, education and individual
follow-up duration (Bonferroni-corrected for multiple com-
parisons, p <0.05, R Software). Linear regression models
were implemented to investigate whether clinical, cognitive,
EEG, and MRI data at baseline were predictive of cognitive
and EEG data at follow-up in patients. Only the correlations
resulting significant from the previous analyses were consid-
ered in the prediction models. The models included age, sex,
education and individual follow-up duration. R2 goodness
of fit statistic was estimated for each model at issue, for all
patients at follow-up (p < 0.05, R Software).

Aim 3. Subgroup analyses

Dysgeusia and hyposmia have been proposed as possi-
ble hallmarks of SARS-CoV-2 cerebral spreading and
have been associated with the development of cogni-
tive impairment after COVID-19 [16, 34, 35]. Accord-
ingly, we investigated cognitive and EEG changes over
time in the two subgroups of patients with or without
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both dysgeusia and hyposmia during the acute phase of
COVID-19 (socio-demographic and clinical variables are
reported in Table e-4). A group-by-time interaction was
explored using linear mixed-effects models (Bonferroni-
corrected for multiple comparisons, p < 0.05, R Soft-
ware). Time, age, sex, education, individual follow-up
duration and the considered variable (cognitive or EEG)
at baseline were included as fixed effects. Random effect
of subject (ID) for each model was considered. Possi-
ble confounding clinical-demographic variables were
explored using Fisher’s exact test and ANOVA models
(Bonferroni-corrected for multiple comparisons, p < 0.05,
R Software). Significantly different variables (or with a
certain trend towards significance) between the two sub-
groups of patients were added into the models (Table e-4).

Results
Aim 1. Cross-sectional analyses
Clinical-demographic data

Socio-demographic and clinical features of patients and
healthy controls who entered the cognitive, EEG and MRI
analyses are reported in Table 1. Among study subjects, the
most common chronic pathologies were hypertension, dys-
lipidemia and diabetes type 2; in particular, the patient group
was characterized by a higher prevalence of hypertension
than healthy controls only within the cognitive study. During
the acute phase of COVID-19, 85.7% of patients were treated
as inpatients, 26.5% and 4.1% of them required non-invasive
mechanical ventilation (NIMV) and orotracheal intubation,
respectively (Table 2). Moreover, neurological manifesta-
tions were reported for 73.5% of patients, with dysgeusia and

Table 1 Socio-demographics

. . Healthy controls Patients )4
of study subjects at baseline
(grouped .in cognitive, EEG and N Cognitive 36 49 _
MRI studies) EEG 33 49 B
MRI 36 36 -
Sex [M/F] Cognitive 20/16 36/13 0.46
EEG 22/11 36/13 0.62
MRI 20/16 25/11 0.55
Age [years] Cognitive 56.9+13.6 60.8+12.6 0.22
EEG 622+144 60.8 +12.6 0.50
MRI 56.9+13.6 58.5+13.3 0.75
Education [years] Cognitive 12.1+4.2 11.1+£3.9 0.29
EEG - 11.1+£39 -
MRI 12.1+4.2 11.5+39 0.58
Time between acquisitions [months] Cognitive - 82+09 -
EEG - 82+09 -
MRI - - -
Cardiovascular risk factors: Cognitive 8/36 (22.2) 27149 (55.1) 0.004
Hypertension 8/36 (22.2) 11/49 (22.4) 1.00
Smoke 13/36 (36.1) 9/49 (18.4) 0.08
Dyslipidemia 1/36 (2.8) 6/49 (12.2) 0.23
Diabetes mellitus 4/36 (11.1) 5/49 (10.2) 1.00
Obesity EEG 17/33 (51.5) 27/49 (55.1) 0.48
4/33 (12.1) 11/49 (22.4) 0.47
4/33 (12.1) 6/49 (12.2) 0.51
2/33 (6.1) 9/49 (18.4) 0.62
2/33 (6.1) 5/49 (10.2) 0.70
MRI 8/36 (22.2) 15/36 (41.7) 0.13
8/36 (22.2) 5/36(13.9) 0.54
13/36 (36.1) 8/36 (22.2) 0.30
1/36 (2.8) 4/36 (11.1) 0.36
4/36 (11.1) 2/36 (5.6) 0.67

Values denote mean + standard deviation or number (percentage)

P values refer to Fisher’s exact test and non-parametric Wilcoxon signed-rank test (Bonferroni-corrected
for multiple comparisons, p < 0.05) for categorical and continuous variables, respectively
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Table 2 General clinical and neurological features of patients during the acute phase of COVID-19 (grouped in cognitive/EEG and MRI studies)

Acute phase clinical features of COVID-19 patients

Cognitive/EEG NEWS at ER admission 59+32
Treated as inpatients 42/49 (85.7)
Treated with NIMV 13/49 (26.5)
Intensive care unit 2/49 (4.1)
Hospital stay [days] 13.0+8.6

MRI NEWS at ER admission 5.0+29
Treated as inpatients 31/36 (86.1)
Treated with NIMV 9/36 (25.0)
Intensive care unit 1/36 (2.8)
Hospital stay [days] 12.6+8.6

Acute phase neurologic manifestations of COVID-19 patients

Cognitive/EEG Neurologic symptoms 36/49 (73.5)
Dysgeusia/hyposmia 22/49 (44.9)
Headache 13/49 (26.5)
Confusion/drowsiness 11/49 (22.4)

MRI Neurologic symptoms 28/36 (77.8)
Dysgeusia/hyposmia 16/36 (44.4)
Headache 12/36 (33.3)
Confusion/drowsiness 9/36 (25.0)

Values denote mean + standard deviation or number (percentage)

ER emergency room, NEWS National Early Warning Severity, NIMV non-invasive mechanical ventilation

hyposmia affecting 59.2% and 44.9% of them, respectively
(Table 2). At baseline, acute neurological symptoms were
resolved, but 26.5% of patients (13/49) reported asthenia.

Cognitive study

At baseline, 53% of patients showed an impairment in at
least one cognitive domain, with a main involvement of
the executive functions (Fig. 1A). In particular, 16%, 6%
and 6% of patients showed a pure executive, memory and
visual-spatial impairment, respectively, and 25% of subjects
showed a multidomain impairment (with the 23% involv-
ing, among others, the executive domain). Moreover, 28%
of patients presented with psychopathological disturbances
(10% depressive symptoms, 12% PTSD features, 6% both)
(Fig. 1B). Concerning the comparison with healthy con-
trols, patients performed worse in all investigated domains
(Table 3).

EEG study

COVID-19 patients were characterized by a lower IAF than
healthy subjects (Fig. 2, Table e-5). Patients also showed a
greater CSD at delta frequency band in bilateral frontal and
central-temporal regions when compared to healthy con-
trols (Fig. 2, Table e-5). The connectivity analysis showed

significant higher LLC values at delta band in patients when
compared to healthy controls between all pairs of ROI (Table
e-6). No other significant differences were found. According
to these findings, only delta frequency band was selected for
further analyses.

MRI study

No significant differences were found between COVID-19
patients and healthy subjects in terms of total brain, GM
and WM volumes (Table 4). Total, right frontal and right
parieto-occipital WMH volumes were greater in patients
when compared to controls, whereas no significant differ-
ences were detected in other regions (Table 4).

Correlation analysis

Significant correlation findings at baseline are reported
in Figure e-1. When considering the relationship between
baseline clinical and cognitive data, lower performances at
SDMT were related to more severe respiratory distress as
assessed by NEWS at the admittance in the ER (p=— 0.43,
p=0.03). When analyzing the correlation between baseline
cognitive and EEG data, better performances at FAB and
at TMT-BA were related with greater right and left cen-
tral-temporal CSD at delta frequency band (p ranging from
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Fig. 1 A The prevalence of
cognitive deficits and (B) of
depressive and PTSD symptoms
in COVID-19 patients, at both
time points. Data are reported at
baseline (2 months after hospi-
tal discharge) and at follow-up
(10 month after hospital dis-
charge). PTSD Post-traumatic
stress disorder

A -

6%
6%

Baseline

6%
category 6%
3%
. Executive °

Memory

47% . Multi-domain

None 21% Follow-up

. Visual-Spatial 64%

72%

-0.41 to 0.45, p <0.05). Better performances at FAB were
also associated with higher LLC values at delta frequency
band between left parieto-occipital region and right fron-
tal region (p=0.42, p=0.045) and between left parieto-
occipital region and right central-temporal region (p =0.44,
p=0.02). Correlating baseline clinical and MRI data, a
greater WMH volume within the left frontal region was
related to a higher frequency of cardiovascular risk factors in
COVID-19 patients (p=0.50, p=0.02). When exploring the
relationship between baseline cognitive and MRI data, lower
performances at RAVLT-immediate and -delayed recall were
related to a higher WMH volume in the left parieto-occipital
region (p ranging from — 0.54 to — 0.51, p=0.01).). No
other significant correlations were observed.

Aim 2. Longitudinal analyses

Clinical-demographic data

Only 33 patients underwent longitudinal assessments (mean
age=060.6 + 12.9, sex =25 male and 8§ female, mean educa-
tion=11.3 + 3.9). At follow-up no new-onset major neuro-
logical manifestations were reported, but 18.2% of patients
(6/33) reported the persistence of asthenia.

Cognitive study

At follow-up, 36% of patients showed an impairment in at
least one cognitive domain (Fig. 1A). In particular, 3%, 6%
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category
. Depression 18%
B oepression + PTSD
None Follow-up
N s 6%
67%

and 6% of patients showed a pure executive, memory and
visual-spatial impairment, respectively, and 21% of subjects
showed a multidomain impairment (with the 18% involv-
ing, among others, the executive domain). Moreover, 33% of
patients still presented with psychopathological symptoms
(6% depressive, 18% PTSD, 9% both) (Fig. 1B). The linear
mixed-effect models revealed a significant improvement
of phonemic fluency test, SDMT, and RAVLT-immediate
recall scores (Fig. 3A, Table 3). No significant changes were
observed in the other cognitive tests.

EEG study

IAF of COVID-19 patients at follow-up was significantly
increased compared with baseline (Fig. 3B, Table e-5).
Analysis of CSD at delta frequency band showed no signifi-
cant changes over time (Table e-5). Concerning connectivity
analysis, a reduction of LLC values between left frontal and
left parieto-occipital regions, between right frontal and left
central-temporal regions, and between right frontal and right
central-temporal regions was observed over time (Table e-6).

Correlation and prediction analysis

When exploring correlations with cognitive data at fol-
low-up, better performances at TMT-BA were related to
higher baseline left central-temporal delta CSD values
(p=—-0.55, p=0.002); a similar relationship, almost sig-
nificant, was observed with delta CSD findings at baseline
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Table 3 Cognitive features of healthy controls and COVID-19 patients at the two time points
Controls Patients p Patients p
baseline baseline controls vs patients follow-up for linear
trend
Patients
N 36 49 33
Global cognition
MMSE 29.4+0.7 277719 <0.001 28.1+1.7 1.00
Executive functions
Frontal assessment battery - 125425 - 14.5+2.2 0.51
Symbol Digit Modalities Test - 351+19 - 41.8+1.3 0.01
Digit span, backward 47+12 34+15 <0.001 37+12 1.00
TMT-A 335+11.5 50.3+25.3 <0.001 42.6+21.0 0.41
TMT-BA 70.8+44.5 75.4+54.7 0.93 75.9+53.6 1.00
Cognitive estimations - 44+0.8 - 4.7+0.5 0.57
Phonemic fluency 36.3+8.2 27.8+10.2 0.001 319+11.4 0.01
Memory
Digit span, forward 6.0+1.0 5.1+0.7 <0.001 49+0.8 1.00
RAVLT, immediate recall 49.7+8.2 29.3+94 <0.001 358+11.2 <0.001
RAVLT, delay recall 114+24 59+29 <0.001 7.1+33 0.08
Complex figure*, recall 0.76+0.14 04+24 <0.001 0.4+0.1 0.55
Visuospatial functions
Complex figure*, copy 0.92+0.03 0.8+0.1 <0.001 0.8+0.1 1.00
VOSP, Position discrimination — 7.8+2.8 - 7.5+29 1.00
VOSP, Cube analysis - 8.1+2.5 - 8.8+1.6 1.00
Language
SAND, Sentence comprehension - 7.6+09 - 7.8+0.5 1.00
SAND, Word comprehension - 11.9+0.6 - 11.8+0.5 1.00
SAND, Word comprehension, living - 6.0+0.1 - 59+0.2 1.00
SAND, Word comprehension, non-living - 59+05 - 59+0.3 1.00
SAND, Naming - 13.1+1.5 - 13.7+0.7 0.51
SAND, Naming, living - 6.6+0.8 - 6.9+0.3 0.24
SAND, Naming, non-living - 6.5+09 - 6.7+0.5 1.00

Neuropsychological values are expressed as raw scores

Values denote mean + standard deviation or number (percentage)

MMSE Mini-mental state examination, RAVLT Rey auditory verbal learning test, SAND Screening for aphasia in neurodegeneration, 7MT Trail

making test, VOSP Visual object and space perception battery

“Rey’s or Benson’s figure. P values in the fourth column refer to Wilcoxon signed-rank test (Bonferroni-corrected for multiple comparisons,
p <0.05) when comparing healthy subjects and patients at baseline. P values in the sixth column refer to linear mixed-effect models adjusted for
age, sex, education and individual follow-up duration (Bonferroni-corrected for multiple comparisons, p < 0.05) when exploring changes in cog-

nitive performances of patients over time

in the contralateral regions (p=— 0.48, p=0.051). No
other significant correlations were observed. Linear
regression models built on the results of previous correla-
tion analyses at follow-up showed that higher delta CSD
values at baseline in left (R*=0.42, p=0.002) and right
(R*=0.33, p=0.01) central-temporal regions predicted
better TMT-BA performances at follow-up.

Aim 3. Subgroup analyses

Age, sex, education, and clinical and global cognition data
did not differ between controls and both patient subgroups
(i.e., those with and without dysgeusia/hyposmia in the acute
phase) and between the two subgroups of patients (Table
e-4). The presence of both PTSD and depression showed a
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Fig.2 Current source density analysis at delta frequency band and
IAF analysis at baseline. P values refer to Wilcoxon signed-rank test
(Bonferroni-corrected for multiple comparisons, p <0.05) between

Table 4 MRI features of healthy controls and COVID-19 patients at
baseline

Controls Patients P
baseline baseline controls vs patients
N 36 36
Brain volumes (cm?)
GM volume 794 +48 772 +54 0.15
WM volume 682 +44 667 +37 0.13
Total brain volume  1476+80  1440+81 0.10
White matter hyperintensity volumes (cm®)
Total 0.52+1.44 2.06+4.41 0.01
Left frontal 0.16+0.37 0.52+1.12 0.35
Right frontal 0.14+0.39 059+1.16 <0.001
Left temporal 0.01+0.03 0.03+0.09 0.91
Right temporal 0.02+0.06 0.03+0.08 1.00
Left parieto-occip-  0.10+0.38 0.45+1.03 0.45
ital
Right parieto- 0.08+0.29 0.40+1.04 0.03
occipital

Values denote mean + standard deviation or number (percentage)

P values refer to Wilcoxon signed-rank test (Bonferroni-corrected for
multiple comparisons, p <0.05) when comparing healthy subjects and
patients at baseline

GM gray matter, WM white matter
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COVID-19 patients and healthy controls. A anterior, JAF Individual
Alpha Frequency, L left, P posterior, R right

certain trend towards significance, being more frequently
found in patients with dysgeusia/hyposmia (p=0.08).
Therefore, this condition was inserted into the longitudinal
models. Linear mixed-effect models showed only a different
improvement at RAVLT-immediate recall over time between
the two patient subgroups (Fig. 3A). Patients with dysgeusia/
hyposmia exhibited a lower improvement relative to patients
without dysgeusia/hyposmia. No significant results were
observed at phonemic fluency test, SDMT or IAF (Fig. 3).

Discussion

This is the first study exploring long-term neurocognitive
and neurophysiological consequences on adult COVID-19
survivors up to 10 months after infection resolution with
structured neuropsychological and resting-state EEG assess-
ments. Our findings showed that 53% of patients had dis-
turbances in at least one cognitive domain 2 months after
COVID-19 resolution. At follow-up, a significant ameliora-
tion of memory and executive performances was observed
in the whole group; despite this, cognitive deficits were still
evident in 36% of patients. Moreover, about 30% of partici-
pants reported depressive and/or PTSD symptoms at base-
line, still persisting at follow-up.
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Fig.3 Longitudinal and subgroup analyses investigating cogni-
tive (A) and IAF (B) changes over time in COVID-19 patients.
Upper row: p values refer to linear mixed-effect models adjusted for
age, sex, education and individual follow-up duration in the whole
patients’ group (Bonferroni-corrected for multiple comparisons,
p<0.05). Lower row: p values refer to linear mixed-effect models

Albeit conditioned by the fact that study patients were
selected on the basis of reported new-onset cognitive dis-
turbances, our findings are in line with previous studies
showing cognitive and/or psychiatric disturbances at differ-
ent timepoints after COVID-19 infection resolution in the
general population [8, 9, 11, 17]. We found that executive
functions (such as flexible thinking, planning and informa-
tion processing) were the main involved cognitive domains
at both baseline and follow-up. At baseline, the executive
impairment (measured with the SDMT, reflecting speed of
information processing) was related to the NEWS at ER
admission, an index of respiratory distress, consistently with
previous studies evaluating the association of acute illness
severity and persistence of long-term COVID-19-related
symptoms [12, 36, 37]. Intensive care and grade of oxy-
gen need, in particular, are among factors that have been
suggested as main drivers of such symptoms. Furthermore,
previous evidence of the interrelatedness of acute pulmo-
nary distress and cognitive and mental health shows simi-
lar results [37]. Episodes of pneumonia, for instance, are
associated with increased risk of cognitive impairment in
one-third of adults older than 65 and in approximately one-
fifth of younger patients [37, 38]. Likewise, PTSD is a com-
mon finding in post-acute respiratory distress syndrome;
in particular, longer lengths of intensive care unit stay and

adjusted for age, sex, education, individual follow-up duration, the
considered variable (cognitive or EEG) at baseline and the presence
of both PTSD and depression in the two subgroups of patients with/
without dysgeusia/hyposmia (Bonferroni-corrected for multiple com-
parisons, p <0.05). IAF individual alpha frequency, RAVLT Rey audi-
tory verbal learning test, SDMT symbol digit modality test

increased duration of both sedation and mechanical ventila-
tion have been associated with PTSD [37, 39]. In our study,
12 out of 49 patients received intensive care or non-invasive
ventilation and, among these, only 2 patients showed PTSD.
Thus, at least in our sample, sedation and mechanical ven-
tilation cannot be the cause of all PTSD symptoms that we
observed.

An alternative explanation for mental disorders after
COVID-19, and in particular for PTSD, might be searched
in being clinically treated at home and in isolation. We were
indeed surprised to observe that, in our cohort, executive
dysfunctions and psychopathological disturbances were pre-
sent in most of patients under 50 years of age. These patients
were those clinically milder and that received medical care
at home for most of the disease time, not requiring mechan-
ical ventilation. Facing a disease like COVID-19 isolated
at home, fearing possible complications in the absence of
direct medical control and without a structured mental health
intervention, could have had an impact on their psychiatric
and cognitive functioning, as previously suggested [40].

Interestingly, patients complaining both dysgeusia and
hyposmia during the acute illness showed a significantly
lower improvement at verbal memory tests over time rela-
tive to patients without dysgeusia/hyposmia. Consistently,
a recent MRI study on 394 patients with available scans
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before and after COVID-19, revealed a loss of GM within
the limbic cortical areas directly linked to the olfactory and
gustatory systems and involved in memory processes [16].
These findings suggest possible mechanisms for the spread
of the disease (or the virus itself) within the brain. Among
others, it was recently hypothesized that COVID-19 might
work as a trigger on a pre-existing Alzheimer-like pathology
by accelerating amyloid deposition [41]. Whatever the exact
pathogenic pathways, our findings corroborate the hypoth-
esis of an increased vulnerability of the structures involved
in memory processes due to COVID-19.

COVID-19 patients also showed a greater WMH volume
than controls, correlating with worse memory function at
baseline and with the total number of cardiovascular risk
factors, whereas no association with acute illness severity
indices was detected (i.e., NEWS, mechanical ventilation
need). Despite patients and healthy subjects were matched
for risk factors number (Table 1), a trend towards a higher
prevalence of hypertension within patients group was
detected (p =0.13), which could account for an increased
risk for WMH formation already before COVID-19 [42],
but also for worse infection severity [43], and subsequently
for developing new lesions during the illness itself [44]. Dif-
ferently from previous studies [16], we did not find a loss of
brain total volume or of GM and WM volumes in COVID-19
survivors.

In this study, we did not explore neuroinflammation,
which has been previously demonstrated to play a certain
role in the development, maintenance or recovery of cog-
nitive and neuropsychiatric symptoms [8, 11]. Autopsy
studies confirmed indeed a pronounced inflammation,
with microglia activation, vascular activation and micro-
thrombosis within the deep WM and brainstem of COVID-
19 patients [17, 45, 46]. Thus, neuropathology seems to
indicate possible damages to the reticular activation sys-
tem and to the cortical cholinergic projections from deep
brain structures, which have been previously related to a
tonic alpha rhythmic background activity in the healthy
brain [46—48]. Such observations are consistent with the
observed reduction of IAF and the increase of delta CSD
of COVID-19 survivors at baseline EEG. Other harmful
processes, for example hypoxic and metabolic changes that
we previously related to acute-phase increase of frontal
slow waves [18], could have contributed to follow-up find-
ings, which, though, showed no relationship with acute-
phase severity indices. Unexpectedly, we found that higher
delta CSD at baseline was related to better executive func-
tions and predicted better cognitive outcomes at follow-up.
Similarly, the patients that at baseline showed stronger
connectivity in delta band also had better executive perfor-
mances. Pathological cortical deafferentation, thus, does
not entirely explain findings at delta band. We hypothesize
that some sort of compensatory mechanisms might have
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been triggered in high-performing patients. Delta oscil-
lations, especially in anterior regions of the brain, have
been indeed related to a better performance in attention
shifting and working memory tasks [49]. Consistently, we
observed a significant positive correlation of delta CSD
with TMT and FAB, which investigate the same skills. The
increase of IAF within normality values and the reduction
of delta LLC at follow-up, together with the concomitant
amelioration at cognitive tests, might conversely suggest
repairer mechanisms occurring over time.

Future studies exploring the possible differences in
terms of clinical, psychopathological, EEG and MRI fea-
tures between patients reversing to a normal cognitive state
and those persistently impaired at follow-up will be crucial
to disentangle the hallmarks of individual resilience.

Our study has some limitations. The sample size is rela-
tively small and includes patients selected on the basis
of reported new-onset cognitive disturbances and who do
not represent then the general population of COVID-19
survivors. Moreover, we had no cognitive, EEG or MRI
data previous to COVID-19, precluding us from estimating
the exact impact of the illness on our findings. In addition,
we did not investigate psychiatric disturbances through
extended and structured assessments, but they were
reported by patients to our experienced neuropsycholo-
gists. Furthermore, we did not perform a structured neu-
rological evaluation at follow-up. Also, 19-channel EEG
has a low spatial resolution and precluded the CSD and
LLC analyses at sub-regional level. Furthermore, we did
not acquire longitudinal MRI data, for which we could not
explore possible changes of cerebral volumes over time.
Finally, we could not enroll a control cohort with subacute
respiratory dysfunction or viral infections different from
COVID-19, reason why the specificity of results for Sars-
CoV-2 infection cannot be confirmed.

At 2 months after COVID-19 resolution, patients exhib-
ited interrelated cognitive, EEG and cerebrovascular alter-
ations, together with prominent psychiatric symptoms.
Severity of acute illness was associated with executive
dysfunction, but no association with EEG or MRI findings
was detected. Longitudinal data at 10 months after hos-
pital discharge showed an amelioration of cognitive and
EEG findings, but also a persistence of some cognitive and
of all psychiatric disturbances. Dysgeusia and hyposmia
during acute COVID-19 were related with increased vul-
nerability in memory functions over time. Whether these
alterations are directly linked with the infection itself or
with its related consequences is still to be determined, as
well as whether they are completely reversible or part of a
neurodegenerative process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-022-11047-5.
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